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Chatter Vibration of Switching Relay* 


Masao TAKAMURA,+ Yuiti SHIMIZU and Yuji OTUKA 


This study was made for the purpose of establishing a method of designing relays 


which do not chatter. 


The chatter occuring between various vibratory systems and a rigid 


body was studied, and the relationships between chatter and vibratory constants were 


clarified. 


Moreover, the condition for which contact chatter ceases was investigated. Using this 
result, we developed a new type of contact spring which is suitable for use in high speed 


relays without chatter. 
lays free from contact chatter. 


1. Introduction 


Most relay vibrations caused by impact 
during relay operation or release, that is 
chatter, directly affect the performance of the 
relay as they result in faulty contact behavior. 
Chatter is liable to cause noise in communi- 
cations circuits and the incorrect operation of 
telephone exchange apparatus. Also, chatter 
causes a marked decrease in relay life. 
Chatter has been investigated by many engi- 
neers who sought to understand it and elimi- 
nate its undesirable effects, but chatter is so 
extremely complicated that many problems 
are still unsolved. 

There are many papers dealing with the 
vibrations caused by the collision between 
two bodies. These papers include: analyses 
of the vibration of an elastic body after col- 
lision with a mass‘? or collision with a 
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The conclusion obtained here are very useful when designing re- 


spring,‘”** those dealing with the collision 
of simple vibratory systems which are spring 
supported masses,‘ “® those dealing with 
the longitudinal impact of bars,‘ etc. But 
the number of papers which treat repeated 
collisions and restitutions between two bodies 
such as the collisions experienced by the 
moving parts of relays are extremely small, 
and no paper contains an exposition adequate 
for the analysis of the chatter of relays. 

This study has been performed to clarify 
the physical quantities involved in chatter, to 
analyze the dynamic characteristics of the 
moving parts of relays, and to obtain the 
design criteria necessary to prevent the 
chatter of relay contacts. For this purpose 
a general theory of the vibrations caused by 
collisions between two elastic bodies was de- 
veloped. Then this theory was applied to 
the response of a vibratory system with a 
single degree of freedom or an elastic body 
which collides with a rigid body and these 
theoretical results compared with the experi- 
mental results. 

Hertz’s contact theory®®® is widely appli- 
ed to the local deformation of contacts in 
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impact. If we consider this local deformation 
of the contacts the analysis of chatter be- 
comes much too complicated and furthermore 
it is not an easy matter to measure local de- 
formation in actual relays. In order to 
simplify the problem the fundamental equat- 
ion was derived with the simplifying assump- 
tions that the local deformation to the con- 
tacts during impact can be neglected and 
that the period of the vibrations excited by 
the impact are extremely long compared with 
the duration of the contact closure during 
impact. 

The vibration, caused by collision, of a 
vibratory system of nearly a single degree 
of freedom is quite simple; therefore know- 
ledge of its characteristics is very useful in 
gaining an understanding of the physical 
quantities involved in chatter. Comparison of 
the observed values and the values calculated 
for this case enabled us to clarify quan- 
titatively the vibratory constants relating to 
chatter and also to obtain the conditions for 
which contact chatter ceases. It is therefore 
possible to estimate the time from the com- 
mencement of operation of the vibratory 
system to the cessation of contact chatter 
and also the number of times the contacts 
open or close during the duration of contact 
chatter. Therefore, we constructed simple 
vibratory systems whose damping force is 
variable at will and investigated their chatter. 

The contact spring construction most wide- 
ly used in present relays is the cantilever, a 
beam or bar clamped at one end. The re- 
sonance of a cantilever colliding with a rigid 
body was calculated on a digital electronic 
computer in accordance with our theory, and 
the results obtained were compared with the 
results of our experiments. In this manner 
the fundamental concepts of relay chatter 
were clarified and rules for selecting the 
constants of the moving parts when design- 
ing relays were obtained. These rules give 
the conditions necessary for simplifying the 
chatter phenomena and those necessary for 
the elimination of contact chatter. Experi- 
mental vibratory systems based on these rules 
have been constructed and experimental and 
theoretical investigations of the conditions 
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necessary for the simplification and the eli- 
mination of contact chatter have been carried 


out. 


2. Fundamental Equation for Chatter 


It is necessary to know the dynamic _be- 
havior of the moving parts of relays if we 
wish to clarify the chatter of relay contacts. 
A general description of the response of two 
elastic bodies colliding with each other will 
be given in this section. 

When two elastic bodies collide, their 
points of contact deform locally during im- 
pact. After the collision the points of con- 
tact separate and the two bodies vibrate in- 
depently of each other with many complex 
flexural modes. 

According to Hertz’s theory of contact,‘ 
the local deformation of the points of contact 
when two bodies are in static contact is 
proportional to the two-thirds power of the 
force acting on the bodies. If Hertz’s theory 
is also applicable in the case of collision be- 
tween two bodies, the equation which des- 
cribes the motion of colliding elastic bodies 
will be nonlinear and computations involving 
it will be very difficult. However there are 
many cases in which the local deformation 
of the contacts and the duration of the con- 
tact closures can be neglected when the 
mating parts of relays collide with each 
other. Therefore in our derivation of the 
general equation of chatter we consider a 
simplified model of this impact phenomenon 
having the following characteristics: 

(1) The local deformations of the contacts 
are negligibly small 

(2) The contact force resulting from impact 
is impulsive 

(3) The duration of the contact closures is 
much shorter than the period of the vibra- 
tions excited by the impact. 

But since a definite period of contact closure 

exists in practice, the higher modes of vi- 

brations which satisfy these assumptions do 

not exist indefinitely and the degree of the 

higher modes of vibrations that are being 

studied here is definite. 


The response of such elastic bodies after 
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impact may be shown to be their free vi- 
brations determined by the conditions im- 
mediately before impact superimposed on 
their forced vibrations caused by the un- 
known impulsive force. We determine the 
unknown parameter, impulsive force, in the 
previous representation by using the condition 
that the kinetic energy before and after im- 
pact is conserved. Moreover, in order to 
study the energy loss during impact, the 
coefficient of restitution which is usually used 
for the collision of masses is developed here 
for the collision of elastic bodies, and the 
fundamental equation of vibration caused by 
impact is derived. 

In general, the free vibration velocities of 
an elastic body without damping, é;;, are, as 
is well-known, 


Eip= > (Aa COs Wimt + Bim sin Onl) = tna. Gy 
m 


Here i=1 or 2. corresponds to elastic body 
(1) or (2), where 4m is the m-th normal 
function of body (2), wim is the m-th natural 
circular frequency of body (2), Aim, Bim are 
constants determined by the conditions im- 
mediately before impact, and M; is the total 
mass of body (z). When impulsive force I 
acts on point X; on the surface of body i, 
the velocity £:; is given by‘’” 


if 
M, & 


Q 


Ei = imX= im" COS Wim. (2) 


where 5;nx, is the value of Zin evaluated at 

X;, in the direction of the impulsive force. 
If elastic body (1) collides with body (2) 

at point X; at time t=0, from (1) and (2), 


the velocity £; of body (2) after impact is 
given by an expression of the form: 


E; — 3 Aim cos Oimt+ Bin sin Wimt )Eim 
m 


+b YD FimxyZims COS Wint. (3) 


um 


If the impulsive force J can be evaluated 
from (3), the velocity of the body after im- 
pact may be obtained. 
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2.1. Perfect Elastic Impact* 


The kinetic energy immediately before im- 
pact at ¢=—O and that immediately after 
impact at ¢=+0 will be considered making 
use of Eq. (3). At z=—0 J is equal to zero; 
therefore the velocity of body (7) immediate- 
ly before impact, (&,J:z-, is 


ei 3 Ain tia 


™m 


Hence, the kinetic energy of body () im- 
mediately before impact [T;},--» is 


Mi 


(Tili=-0= 9 aS Ain (4) 


The velocity of body (2) immediately after 
impact, [E:Ji-+0, is 


: ple = 
(Cape X JA +(-D' yp Bont in 


Hence, the kinetic energy of body (z) im- 
mediately after impact, (TiJie+0, iS 


2 


M; say be 
(Tilizro= 5 ym |Am+(-D' Gz Sinach 
©) 


If the assumption is made that the kinetic 
energy before impact is equal to that after 
impact, from (4) and (5), the resulting ex- 
pression for the impulsive force J is 


2° (DD * Aim Fimxi 


_—— (6) 
SimX; 
aye 


1,m. M; 


2.2. Coefficient of Restitution 


Eq. (6) is satisfied for the case in which 
the duration of the contact closure during 
impact is extremely short compared with the 
period of the vibrations of the body excited 


“* The case in which the kinetic energy immediately 
before and after impact is conseved is called here: 
perfectly elastic impact. 
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by the impact. For the higher modes of vi- 
bration, however, the duration of the contact 
closures cannot be neglected. If step-type 
impulsive force acts on the body, | the velo- 
cities of the higher modes after impact are 
decreased in proportion to the frequency of 
their modes.) Therefore, the duration of 
the contact closures is extremely long com- 
pared with the period of the higher modes, 
the larger the degree m of the higher modes, 
the more the amplitude of higher mode de- 
creases, and the higher modes are immediate- 
ly damped out in an actual vibratory system. 
Hence, the highest degree m of the higher 
modes in (6) is finite, and the energy of the 
higher degree vibrations may be dealt with 
as energy lost during the impact. The energy 
lost during the impact depends upon the 
materials of the contacts as will be descirbed 
in Section 4. From the above considerations, 
the conception of the coefficient of restitution 
used for the collision of spheres is extended 
to the collision of elastic bodies. 

When a sphere (1) having mass M, and 
velocity v; collides with a material point (2) 
with mass M, and velocity v:,, the impulsive 
force J) acting on each is given, as is well- 
known, by 


l+a 


hi= Mi Mh 


(v1 — V2) (7) 


where a is the coefficient of restitution. 
ie OE x Aim Fimx; is the velocity of the 


point xX; on the elastic bodies which will 
collide immediately before impact; so that if 
2 M;/="imx, corresponds to the effective mass 
of the elastic bodies, Eq. (6) and (7) have 
the same form. If we assume that the co- 
efficient of restitution in impacts of elastic 
bodies satisfies the relation 0<a@<1 such as 
in case of spheres, the resulting impulsive 
force in impact of elastic bodies may be 
written in the form: 


(+a) Ds, Cy Ale ine 


as es NT 
o imX% i 
1, mn (8) 


a 


0O<a<l 
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The velocity of elastic bodies after impact is 
given by Eqs. (3) and (8) and the response 
of bodies after impact can be calculated from 
the vibratory condition of the bodies before 


impact. 


2.3. Vibrations Involving Repeated 
Collision 


The vibrations of the moving parts of re- 
lays usually involve repeated collisions with 
their mating parts. These repeated collisions, 
usually called chatter, may be expressed by 
Eqs. (3) and (8). If the 2-th impact between 
two elastic bodies without damping occurs 
at t=0, the velocity of body (2) after the n- 
th impact is represented in the form: 


: mo See 
fe NO) Dy | {Am P+e-D ae *2imxi (COS Ort 


m 


+ Bim sin cont [Eom (9) 


where 7 is the number of the impact occur- 
ing at 20: 

Hence, the displacement of body (2) after the 
n-th impact is given by 


3 ; [om - ; 
Se [{AmP+(—D' ay -Zimxitsin Wimt 


m 


= 


—Bin COs wont = (10) 


Wim 


Let t,-, be the time interval from the 
(n-1)th impact to the n-th impact, then the 
velocity and the displacement immediately 
before m-th impact are given by 


(E:™),-_5 = CE ee 
CeO psx — ea mee 
Hence, the relations between the coefficients 


in (9) and (10) are easily derived in the 
form: 


YEE GS =, n— eee = 
Bim‘ =| Aen P+ DE inxs t 


a 


x sin Wimln—-1 = Big cos Dinitaen Gl) 
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Ain = Ain er ee 
Ce) oe 


0) 


imX; f 


X* COS Wimtn-1 = iol 8 sin Wimtn-1. (12) 


At t=t,.,, the displacement of the contact of 
body (1) is equal to that of body (2), so that 
tn-1 in (11) and (12) is determined from the 
equation which is, from (10), given by 


(nm 
Bin cae, Bom <a) 
an = 5; ee 
m Wim m Wom 


Pe pia (13) 
The chatter in relays can be calculated 

successively by using the preceding equations 

(9)~(13) if the initial conditions are given. 


2.4. Chatter of an Elastic Body with 
Damping 


We shall consider here a cantilever with 
damping whose free vibration is represented 
as follows: 


of Cig 0 & BE 0° & if 
ES: R? OX; 4 Sire V; ot AF Sie Pi- OF —() (14) 
Boundary conditions: 
0&; a 
at G0 ae =0, &;,=0 
0°E OE; 


where E; is Young’s modulus of beam (2), 
S; is the cross-sectional area of beam (2), R;: 
is the cross-sectional radius of gyration, x; is 
measured along the centroidal axis of beam 
(i), 1; is the length of beam (z), and &;; is 
the transverse displacement of free vibration 
of beam (2). From (14), the velocity of free 
vibration £;; is given by 


= YY e%imeoimt( A im*COS V1—8im Oimt 
m 


a Bam sin V1—8%im int Sim (15) 


where 


1;? Pi 
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Yi 
Oum = 2Sipi@im (17) 
1+cos km - cosh km=0 (18) 
Bite kel ca 
im = (cos Rm i; cosh Rm 1; ) 


COS km +cosh sh Rin H 
sin km + sinh R,, (sin kin l, Soe 7) 


(19) 


When impulsive force J acts on point X; 
on the surface of this cantilever at <=0, the 
velocity &izis given by 


Eu=y Dy & Pimoimt |cos V1—8 im Wimt 


um 


ag ae sin V1— Oo, im Dim th ima Bim 
(20) 


Accordingly, the response of two elastic 
bodies with damping colliding with each 
other repeatedly can be represented by the 
following equations which are derived in the 
same way as described in Section 2.3. 


Gi = oy eae V1 —Oim? — Bin dim 


m 


+(— pit M, eee | sin Fa Ey 
—{ Aim 0im + Bin™ Vent a } 


x COS V1 —0im* Point | a (21) 


um 


[™ 
EO Fy esinoint| Ain + (— iy Ma ims 
m 


M; 


= : Be 
xX COS V1 —6im? int +4 Bin — (— Dy a 
Oim A imXi s SAO Ay. fe 4 
x< Ree | sin V1 Oim oront |E im (22) 
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(1+@) Ds (—1)*!- Aim Fimxi 
[oS ee (23) 
SimXi 
2 M; 
; [r-) 
nN) — e-dimvimtn-1 Paka D) — v 
Ain N= 4 t | {Ae sr (( 1) M; 


= > 9 r¢ -1) 
Zins} cos V1 —Oim? Oimln=1 + | Bon is 


i { (a> Oim*FimXi } 
iat? MM, V1—6im? , 
x sin 1—dim? wimtn-1 | (24) 


SI Big 5 =e-tinentin | Ain’ a (— il jt 


(nm-1) : — 
Me I Einxi} sin V1—6im? Wimln-1 


i 


m-1) EMO 
is j Weep 7 i ALS bi Oim*=imXi } 
[pas ¢ 1) M,; Wl On" i 


Xx cos Ji Fint ota (25) 


j -) 21mx 
a {Aim dim + Bim” A one lone 


m 1m 


“aor On Bo DG 
— {Aom dam + Bom WV Osan fe ” 2. 
m 


W2m 


(26) 


2.5. Chatter of Two Bodies having the 
Same Vibratory Constants 


We will investigate the case where two 
elastic bodies having the same vibratory con- 
stants occur the m-th impact at the contact 
point X; having the same conditions. From 
Eq. (8), the impulsive force J in this case 
can be easily derived in the form: 


d +a) i (Ain™ — Aom™ ) Aim x, 


[~m — 
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il (A mo — Aom™) Fam Xe 
es ta) dat Te Bs: c 2s ; (27) 


g 2 
“2mXe2 


= “Mp 


Hence, from (9) and (27), the velocity at the 
contact of body (i) immediately before im- 
pact, (Eix,Jv--o, and after impact, [£ix:J:=+0, 18 
respectively given by 


Ee. 


2 E2xJt=-0 


[Erk Jeevo® “4 eae 


[Eoxe li=+0= ae [E1x Je=-o+ = [Eaxe |e=-0 
(28) 
If. c=1 m (8) 
[1x1 Je=+0=[E2xa]e=-0 
(29) 


Es3 Ar [Eons Ie==0. f 


That is, in the case of perfectly elastic 
impact (a=1), if two elastic bodies having 
the same vibratory constants collide with 
each other at the contact having the same 
conditions, the velocity -at the contact before 
and after impact should be exchanged. For 
example, if elastic body (2) is at rest im- 
mediately before impact, the velocity at a 
contact of body (1) immediately after impact 
is zero. 


2.6. Chatter of an Elastic Body 
Colliding with a Rigid Body 


In this section we shall assume that a 
collision occurs between a rigid body and an 
elastic body. The physical nature of a rigid 
body is that its mass is infinite and that it 
vibrates neither before nor after impact. 
Therefore, if body i=2 is the rigid body in 
this case, the response of elastic body (1) 
colliding with body (2) is obtained from 


equation (9)~(13) by making the following 
substitutions. 
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Mz — co 


Aom™ =Bnx™ =0 


(30 
[oz +4) 2 Aim 2mm : 


oe csi mX1" 
m M, 


From (10) and (30), the amplitude of the 
higher modes resulting from impact in this 
case are independent of the absolute value 
of the mass of the elastic body, but deter- 
mined by Fimx. 


3. Method of Calculating Chatter 


It is necessary to calculate chatter when 
designing relays. Furthermore, comparison 
of the calculated and observed values enable 
us to clarify the physical quantities involved 
in chatter and also to obtain the similarity 
laws of chatter. Here will be given a method 
of calculating the chatter when a vibratory 
system of a single degree of freedom or an 
elastic body, acted upon by a damping force 
proportional to its velocity, collides with a 
rigid body. 

In the case of a vibratory system of a 
single degree of freedom, its response is 
comparatively simple; therefore the calculation 
can be easily carried out by _ graphical 
methods. In the case of an elastic body, the 
calculation is complicated and fairly trouble- 
some as shown in Section 2,3. Therefore, here 
will be considered a method of calculation 
using an electronic computer. 


3.1. Vibratory System of a Single Degree 
of Freedom acted upon by a Damp- 
ing Force Proportional to _ its 
Velocity 


As shown in Fig. 1, we will consider here 


a vibratory system whose free vibration is 
governed by the differential equation: 


mé+re +sE=0 (31) 


Where sé is the restoring force, the pro- 
duct of the displacement and the stiffness s; 
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ré is the dissipative force, the product of the 
velocity — and resistance 7; and mé is the 
inertia reaction, the product of the accelerat- 
ion € and the mass m. 


Fig. 1—Model of vibration system. 


When this system collides with a rigid 
body at the position &), if »-th impact occurs 
at time t=0, the displacement é and the 
velocity &” after m-th impact are as well- 
known, of the form: 


EM=E =r cos V1—0? ot 


Eso +308, 
V1—8 w 


sin v1-det (32) 
ECO Sar Cate cos / 1—8 ot 


a (m6 os. 
E40 P d+ 08 ny ae ot (33) 


V 1-8 
ae 
se ry hs 
oe 
m 


where 6 is the damping constant, @ is the 
natural angular frequency, &,)” is the velo- 
city immediately after the m-th impact, and 
£, is the position of the rigid body measured 
from the natural of the system, called here 
the predeflection. 


If the (n+1) impact between the system 
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and the rigid body occurs again at time t= 
tn, on substituting t=tn, and €™=é,) in (32) 
and (33), the velocity immediately before the 
(n+1)th impact, (€-9*?J, can be easily de- 
rived in the form: 


pact? =e da{ eo’ cos “/ 1—6? otn 


r (nm) aro 
2) Olin San 8 ee ots | (34) 


J 1-8 
= (tl) £& ~™ 
ik Gap eeease K,@= Ones 
: wey’ w &, 


We call K_.™ the coefficient of closing velo- 
city of the m-th impact, and K,. the coef- 
ficient of restituting velocity of m-th impact. 
In (34). time ¢t, is the root of the equation. 


1=e-h{ cos VW 1-02 otn 


sip Sin 1=F ote) (85) 
Similarly,.10n 0=1, _)°"*" is 
Kp =(K 9 — Ki? + Dota je-o (36) 
L=(14+ Kin + Doty Je-omn (37) 


Rose @ SS Il 


1 a ————— 2 
Kev =- 2 Tak (| (6+ / 6-1 Kao +1 fe“ O* vo “Pete f og 
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time interval between the m-thtand the (m+ 
1)-th impact, ¢,, as a function of the velocity 
immediately after the m-th impact, ap Can 
be calculated and these results are shown in 
Figs. 2 and 3. 

If the velocity of the vibratory system 
after the m-th impact is zero at time ft=f, 
the displacement of the system at this time 
becomes maximum. For 5<1, therefore, the 
maximum displacement naz‘ of the vibratory 
system after the m-th impact is, from (32) 
and (33), given by 


Sax 


E =e-sn{ cos Vf 1—8 wn 
0 


+ Bo? -sin/ I= arn) AD 
pe - J 132) 
tan YS aah 

The relation between the restituting velo- 
city £,.~ and the maximum displacement 
Emax’ was calculated from (41) and is shown 
im Hig. 4; 

If a vibratory system has been given the 
static displacement é;, and is initially at rest 
begins to move at ¢=0 and collides with a 
rigid body at t=, the velocity £)“ im- 


VED Ko +1 fe Det) 


il as: 
=—_—__—— ; (™ =~) \ yp (8 — V62—lwtn - a ae —(68 32] 
il 9 | Ku 49+ / 0*—1 )e lot — (K,9‘ Ye V/ &—1 Ye (6+ vi bate) (39) 


Let a@ be the coefficient of restitution. Then 
the relation between the velocity immediate- 
ly before and after the m-th impact is repre- 
sented in the form: 


E49 =a E_»™ (40) 


From (34)~(39), the velocity immediately 
before the (z+1)th impact, £_,*», and the 


mediately before the first impact and the 
time ¢) can be easily derived, and these re- 
sults are shown in Figs.5 and 6. 

From the above, if the coefficient of resti- 
tution is given, the chatter between a vibra- 
tory system of a single degree of freedom 
and a rigid body can be calculated. The 
velocity transition of the system immediately 
before or after impact is obtained from Figs. 2, 
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Fig. 6—Relation between initial displacement 
and time from beginning to move to 
immediately before first impact. 


3, 5 and 6, and the maximum displacement 
transition is also calculated from Fig. 4. 
Determination of the velocity transition on 
impact and the maximum displacement trans- 
ition after impact, it may be sufficient for the 
study of the chatter of relays. 


3.3. Initial Conditions for Elastic Body 


The initial conditions of the elastic body 
are required to compute the chatter as de- 
scribed in Section 2.3. We will consider 
here the following initial conditions for use 
in our study. 

The elastic body is initially displaced by 
the elastic body by applying concentrated 
static force on its surface, and is kept at 
rest. Then, the concentrated static force is 
suddenly taken away, the elastic body begin 
to move, and then collides with its mating 
body. This condition is the ideal case of 
the contact spring in lift-off type relays. A 
general description of this condition is as 
follows. 

When the concentrated static force py acts 
on point Y on an elastic body, use of the 
normal function of body 5, allows the dis- 
tributed displacement of body &,, to be re- 
presented in form: 
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Sy as Omen (42) 


From (42), the initial conditions in (Q)~ 
(13) can be written in the form: 


An =I =0 
(43) 


by OA Oy. 


If ¢m in (43) is evaluated, the initial con- 
ditions of the elastic body can be obtained. 

When an alternating force pei acts on 
an elastic body, in general the displacement 
of body, , can be written in the form“: 


(44) 
1 —— 
An=ag\\\or? eave 


where V is the volume of the elastic body. 
When the concentrated static force fo acts 
on point Y on an elastic body, the static 
displacement of the body, &s:, is readily ob- 
tained in the following equation by making 
reatan Co) 


pf uA 
Ee= Dy nor a 
= WO 


“Sm (45) 
where Sn, is the value of Fm at Y. Accord- 
ingly, from (42) and (45), én is given by 


ee (46) 


In many cases it is more convenient to 
represent the initial conditions of the contact 
spring of relays by the displacement of a 
point acted on by a static force. Let sy; be 
the static stiffness of an elastic body at Y 
§s(Y) be the initial displacement at Y. Then 


gm can also be represented by the following 
equation. 


= Sv$QY) 5 


— mY 
Moy? 


pm (47) 


From the above, if 0) or Ex(Y) is given, 
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ém can be readily obtained and the chatter 
of the elastic body can be computed. 


3.4. Determination of the Vibrating 
Constants of an Elastic Body 


The ratios of the values of normal function 
Fomx=Fmx/2,x, and the ratios of the natural 
angular fequencies 2m=@m/o, are necessary 
to compute the chatter of an elastic body 
as described in Section 2.3. We will consider 
here a method of determination of Zomy and 
Or 

When the alternating force Fei#t acts on 
point X on an elastic body which has no 
damping, the amplitude of the displacement 
of the body at Y, éx(@-)|, is given by“!® 


_ ‘a ae ee 
"Oo ava) teeter (48) 


|m Om" —We 


In (48), the displacement for o,.=0, that is, 
the static displacement &,,(«) is approximately 
given by 


PB x? 


SaiCo) = Meo? : 
1 


(49) 


Hence, the ratio of displacement |&x(a-)/Es:(X)| 
is 


| Ex (Ce) aa & mx” a | (50 
| SOD) | “|B ES 2,2 a } 
where 
5 omx = ane (51) 
be 1X 

OFZ (52) 

Ow 
(oer (53) 

WM, 


The ratios of the value of the normal 
function of an elastic body at a point acted 
on by the driving force, Somx, and the ratios 
of the natural angular frequency 2m are 
evaluated by observation of the displacement- 
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frequency characteristics of the body from 
(50). 

An actual elastic body is acted on by some 
damping force. The vibrating theory will be 
different according to the kind of damping. 
To simplify the theory, the damping force is 
assumed here to be proportional to. the ve- 
locity of the body as described in (14). In 
this case the ratio of displacement is de- 
scribed, as in the case where no damping 
force acts, in the form: 


2 


Sx(@e) |_| Fomx | (54) 


| Est X ) =| 20,2. -22 PEED Sn Oa. ol 


Accordingly, the ratio of the normal func- 
tion Zonx, the ratio of the natural angular 
frequency, and the damping coefficient dn 
are determined from comparisons of the ob- 
served of displacement-frequency character- 
istics of the body and Eq. (54). 


3.5. Calculation by Electronic Analog 
Computer 


In this research, an electronic analog com- 
puter was used for the calculation of the 
chatter as described in Section 2. We will 
discuss here the method of calculation using 
the analog electronic computer. Where an 
elastic body acted on by damping force pro- 
portional to the velocity of the body as de- 
scribed in Section 2.4., collides with a rigid 
body, the displacement at X after the n-th 
impact, €,, may also be represented in the 
form: 


S(O= Da Sra. (55) 


where X is the coordinate of the contact of 
the elastic body, and nx” is the displace- 
ment component of m-th mode of vibration 


Be AS 
In (55), €+“ is the solution of the equation 


Emy™ +20mdmEmx™ + 0m’ Srpxe SO) ==(()) (56) 


The initial conditions in (56), that is, the 
conditions at the time the collision occurs 
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are given by 


Grp 


Gar Wes = [Sper hes 
CEmx™ Je=-+0 a Cem Osta oon qroone (58) 


[ id $a) (Ex estar 
M a a mx” ; 


m 


(59) 


If the rigid body is displaced from the 
natural equilibrium point of the vibrating 
body in the direction that will cause it to 
push against the vibrating body, the time of 
the subsequent collision can be evaluated 
from the following equation: 

(Ex) Ji=tn-1 —€0=0 (60) 
Eqs. (55)~(60) are given in forms that can 
be calculated on an electronic analog com- 


puter, but they may easily be shown to be 
identical to Eqs. (21)~(26). 


2 


2x 


/) 


Fig. 7—Block diagram of the analo 
vibrations caused by collisio 
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The analog computer circuit which is used 
for studying vibration modes 1-4 by the 
equations given above, is shown in Fig. 7. 
The equivalent circuit of the circuit consisting 
of integrators (1)-(8), adders (5)-(8), and 
potentiometers (5)-(12) corresponds to Eq. 
(56) for m<4. The output of adder (9) and 
the output of adder (11) correspond to the 
displacement and the velocity respectively of 
the vibrating body. 

Adder (10) and the on-off device form a 
circuit to detect the time of the subsequent 
collision. Adder (10) is supplied with the 
output of adder (9), x", and the normal 
voltage corresponding to & by potentiometer 
(13). The time when the output of adder 


(10) is zero corresponds to the time of the 
collision of the vibrating body, and at this 
time the on-off device operates to automati- 
cally stop the computation. The operation of 
adder (10) at this time corresponds to Eq. 
(58). 


Since 


adders (1)-(4) Eq. (58), 


compute 


Intigrater 


Auto. Hold’ O.n-off element 


o—{ 


Potentiometer 


g computer circuit used to calculate 
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when the computer automatically stops, the 
outputs of the various adders correspond 
LEmx™ leexo. 

If the outputs of integrators (5)-(8) and 
those of the adders (1)-(4) when the com- 
putation automatically stops are used as the 
initial conditicns for the succeeding compu- 
tation, and the outputs of adders (9) and (11) 
are registered, displacements and velocities of 
the collisions are obtained one after another. 


4. Chatter of Vibratory Systems 


As shown Section 2, collision between two 
elastic bodies produces higher-mode vibrations. 
Vibration with collisions shows a very com- 
plicated response, making it very difficult to 
know the true nature of chatter. 

If it is possible to simplify vibration with 
collision and make it approach the response 
of a system with a single degree of freedom, 
the treatment is simple as it is sufficient to 
consider only the fundamental vibration com- 
ponents of the vibrating conditions before 
and after collision. 

For such systems it becomes easy to study 
the effect of the vibration constants on chat- 
ter, the nature of the coefficients of resti- 
tution, and the conditions which lead to the 
cessation of chatter. 

Furthermore, the rapid termination of the 
chatter which occurs when a relay operates 
causes a marked improvement in the operation 
of the relay. It is necessary to effectively 
dissipated the kinetic energy of the moving 
part to obtain this rapid termination of the 
chatter. An understanding of how the dissi- 
pation of the kinetic energy affects the chatter 
of a relay seems to be an effective means of 
studying the true nature of relay chatter. 
Therefore, a vibratory system having nearly 
a single degree of freedom which had pro- 
visions for varying the damping was experi- 
mentally constructed and the response of the 
system when it collided with a rigid body 
was measured. The physical quantities which 
control chatter and the conditions for the 
cessation of chatter was clarified be comparing 
the experimental and theoretical value. 
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4.1. Experimental Apparatus 


4.1.1. General Description of the 


Experimental Apparatus 


An overall photograph of the experimental 
apparatus for measuring the chatter of a 
vibratory system of a single degree of freedom 
is shown in Fig. 8, views of the vibratory 
portions of the apparatus are shown in Fig. 
9, and a schematic diagram of this apparatus 
is shown in Fig. 10. The vibratory system is 
constructed of a massive body supported by 
two round, thin titanium diaphragms having 


@): Moving contact, 
@): Magnetic circuit. 


@: Fixed contact, 
@): Mass, 


Fig. 8—Photograph of the experiinental 
apparatus. 


T2 


moving body 


Fig. 9—Vibrating mass and diaphragms. 
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Fig. 10—Schematic diagram of the experimental 
apparatus. 


the shape shown in Fig. 9. The massive body 
is made of phenolic resin, whose resistivity 
is very high, to reduce as much as_ possible 
the joule loss which would be present in a 
low resistivity body vibrating in a_ strong 
magnetic field. Damping and driving coils, 
which are located in the magnetic field, are 
also provided as shown in Figs. 8 and 10. 
The open circuit terminal voltage of the coils 
due to the vibratory system is proportional 
to the vibration velocity. When a variable 
resistor R,; of known value is connected 
across the damping coil, the current flowing 
through the coil produces joule loss which 
damps the vibrations of the vibrating mass. 
By adjusting the value of resistor R, the 
damping constant of the vibratory system 
may easily be changed over a wide range. 
The damping coil is also used for measuring 
both the vibration velocity and the coefficients 
of restitution as well as for applying a_ vari- 
able damping force to the vibratory system. 

The driving coil is used for giving the 
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ratio between the initial displacement and 
predeflection, €s:/&. In this paper, the distance 
from the neutral of vibratory body to the 
fixed contact is called predeflection. 

Small values of displacement are measured 
by coating the inner side of the conical part 
of the vibrating body in the region of the 
contact with conducting paint and then by 
amplifying and measuring the change in ca- 
pacitance between this coating and a sensing 
plate. This pickup, which is shown in Fig. 
10, is also used for measuring the displace- 
ment-frequency characteristics and the vibra- 
tory constants. Comparatively large values of 
displacement due to vibrations caused by 
collision were measured by focusing a parallel 
beam of light on the upper part of the 
vibrating part and then by measuring the 
amplified output signal of the photoelectric 
tubes which intercept the transmitted light. 

To reduce the affects of the damping force 
of the air on the vibrating body, many small 
holes were drilled in the upper part of the 
body as shown in Fig.9, and the damping 
coefficient of the vibrating body is very nearly 
that determined by the resistance in the 
damping coil circuit. 


4.1.2. Experimental Procedure 


The studies of the chatter of the vibratory 
system of a single degree of freedom was 
carried out in the following manner. 

The fixed contact is adjusted to the desired 
point in contact with the moving contact. 
Then switch S; is closed, the contact point 
opens and the vibratory system comes to 
rest. Now, if switch S, is opened, the vibra- 
tory system begins to move, closing the 
contact points in a manner similar to those 
of a “lift-off” relay. 

In this way, chatter was observed by vary- 
ing the resistance in damping coil circuit, 
R, thus changing damping coefficient of the 
Vibratory system. 

When switch S; is oppened, an electrical 
transient arises in the driving and damping 
coils. Actual measurements showed that it 
quickly damped out and disappeared within 
lmsec even when the resistance in the 
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damping coil circuit was at its minium. The 
electrical transient phenomena immediately 
after opening switch S, may be neglected, 
as the measured value of the free vibration 
displacement conforms well with the calcu- 
lated value. A 1cm diameter hemispherical 
fixed contact and a flat moving contact were 
used in this section. 


4.1.3. Vibration-System Constants 


Five kinds of vibratory systems were ex- 
perimentally manufactured to measure chatter. 
The measure values of the constants of these 
vibrations are as follows. 


(a) Displacement frequency characteristics 
of vibratory system 


The observed value of displacement frequen- 
cy characteristics, when the damping coil is 
opened are shown in Fig.11. As may be 
clearly seen from the figure, the natural 
frequency of the higher mode of these vi- 
bratory system is much higher than that of 
fundamental mode for all of the vibratory 
systems. 
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Fig. 11—Displacement frequency characteristics 
of vibration. 


The ratio of how often higher modes occur 
is found to be very small in vibratory systems 
(1) and (4) and large in vibratory systems 
(2), (3), and (5). This affects the coefficient 
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of restitution very much, as will be later 


described. 
(b) Damping constant 


If the resistance R; in the damping coil 
circuit 4s changed, the coefficient of restitution 
varies. The actually measured value of re- 
lation between the resistance R; and damping 
constant 6 in damping circuit of the vibra- 
tory systems is plotted in Fig.12. The 
actually measured values, if R; and 6 are 
plotted on a logarithmic scale, can be appro- 
ximated by a straight line having nearly 45° 
slope in the range 2>0>0.05. 
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Electrical Resistance of Damping Coil Circuit 


Fig. 12—Relation between the resistance 
in the damping coil circuit and 
the damping constant. 


(c) Miscellaneous 


Table 1 shows the resonance frequency, 
effective mass, and stiffness, of the vibratory 
system used in the experiment; and the 
force factor of the driving and damping coil. 
The velocity of vibratory system was ob- 
tained by measuring open voltage of the 
damping coil. 

If the fixed contact shown in Fig. 10 is 
backed off, a current applied to the driving 
coil, and then switch S; is opened, the 
vibrating system will vibrate freely. If the 
damping coil circuit is open circuited, then 
the relation between the maximum voltage 
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Table 1 


CONSTANTS OF THE VIBRATORY SYSTEM 


ee 


4 f damp- | Force factor of driving 
i Stiffness Resonance Force factor o) | 
ee ee (ayiie/ ou) frequency (c/s) ing coil(dyne/ab amp.) |__ coil (dyne/ab amp.) 
1 31.0 i, 2B iO" S16) Ie Sl? 0.99107 
2 57.9 1,22 10° Ph) 1a 1410? | 0.99 x 107 
3 88. 2 PO NO? ie, aS 0! | 0.9910" 
4 Oo 39874108 5s Hats < 1a! 1.93x10" 
5) 64. 2 3. 87x 10° By), Jt 138 10i | 19354108 
induced in the damping coil and the LOS eines 1 
maximum velocity of the vibratory system, 70 | 
Ey maxy is 50 
= E ax 3 
Ee sancs — oe + Ae 30 
: e 
2 20 Ie 
where A; is the force factor of the damping E 
coil. ie 
The maximum velocity &emax, When the e 
initial , is given to the vibratory. system, ae 
is* S 5 28 
a 
E. mG 3 + | 
2 
and &; were actually measured and 
converted by using the force factor and reso- 
mance trequency shown, in Table 1 into the "0.008 0005 001 002 003 005 01 0.2 
1 7 D s) . ° 1 : : 4 : 4 4 zi 
maximum velocity, which is shown in Fig. 13. aa Sian 


In the figure the solid curve shows eae 
and the points the actually measured values, 
and it may be seen that they show good 
agreement with each other. 


4.2. Coefficient of Restitution 


As described in the previous section, the 


* Strictly speaking; it is necessary to consider the effect 
of damping coefficient of vibratory system, but the 
damping coefficient, with damping coil open, may be 
neglected as it is extremely small, as shown in Fig. 11. 


Fig. 13—Relation of Ey mex amd Sone totens 


(points: Efmax,. solid: curves :. €emax) 


constants of the vibratory system were evalu- 
ated from the measurements. If the coefficient 
of restitution is known, vibrations with col- 
lision will also be characterized. The follow- 
ing is the results of measurements of the 
coefficient of restitution actually measured 
when the vibratory system experimentally 
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manufactured collided with a fixed contact. 
When a vibratory system with a single 

degree of freedom collides with a fixed contact, 

and the fixed contact is at a natural equi- 

librium point of system, the following equation 

can be derived from Eqs. (33) and (40). 
When 6<1 


Gy 2 + é 
E +0 ie ceo" a ; 4 Emax” 
Sige ene Ee (m=-1) 


= qe-rlV1—58 


Smax 


(1) 


Though the coefficient of restitution a 
was given by the ratio of the velocities im- 
mediately before and after collision, it is not 
easy to actually measure the velocity im- 
mediately after collision, as higher-mode vi- 
brations are superimposed. If, however, the 
ratio of velocity immediately before the 
(n+1)th and n-th collisions when the fixed 
contact is at the natural equilibrium point of 
the vibratory system, or the ratio of the 
maximum displacement after the n-th and 
(n—1)th collisions is measured, it is possible 
to obtain an apparent coefficient of restitution 
for the m-th collision. The actually measured 
values of coefficient of restitution as described 
below were obtained by this method. 

4.2.1. Effect of Higher Mode. Vibration 

Fig. 14 shows the observed values of coef- 
ficient of restitution when vibratory systems 
(1)-(5) having the constants shown in Table 
1 collided with a fixed contact. As shown 
by the figure, the greater the velocity of a 
vibratory system immediately before collision, 
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Fig. 14—Collision velocity and coefficient 
of restitution (observed). 
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the smaller the coefficient of restitution be- 
comes. 

The open circuit voltage-velocity curves of 
damping coil on the first collision of vibra- 
tory systems (1)-(3) is shown in Figs. 15~ 
17. Fig. 15, (a) and (b) is for collisions of vi- 
bratory system (1) when the velocities before 
the collision are 0.21 and 4.2cm/sec., re- 
spectively. If we compare them, the ratio, 
E.9(h)/E_), between the higher mode vibration 
amplitude, &.)(h), and velocity immediately 
before collision, €), is larger when the col- 
lision velocity is larger than when it is small, 
as may be seen by a comparison of Fig. 15 
(a) and (b). And the higher mode vibration 
frequency of both is approximately 5.0 kc/s. 


velocity after impact 
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(b) £9) =4.2cm/sec 


Fig. 15—Observed velocity of vibratory system- 
1 on its first collision. 


Figs. 16 and 17 are for vibratory systems 
(2) and (3) where velocities immediately 
before collision are 6.9 and 7.3cm/sec., re- 
spectively. &;o(h)/E-) is larger than for vibra- 
tory system (1) and higher mode vibration 
frequencies are about 3.7 and 3.2 kc/sec. 
respectively. 


If £,,(h)/E-» is larger, the coefficient of 
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Fig. 16—Observed velocity vibratory system- 
2 on its first collision. 
(E_o“==6. 9 cm/sec. ) 


yvelocity after impact 


— velocity 


— time 


Fig. 17—Observed velocity vibratory system- 
3 on its first collision. 


(E_9» =7. 3 cm/sec.) 


restitution in Fig.14 shows a small value. 
The higher mode vibration frequency, induced 
after collision, nearly conforms to that found 
in the displacement frequency characteristics 
of vibratory systems (1), (2), and (3) in Fig. 
13U) 

In vibratory systems (2), (3), and (5), which 
are judged from the displacement-frequency 
characteristics shown in Fig.11, to be much 
affected by higher mode vibrations, £,9(h)/€_» 
becomes larger and the ratio of coefficient of 
restitution decreases remarkably as the velo- 
city immediately before collision becomes 
larger as shown in Fig. 14. 

In vibratory systems (1) and (4) which 
are judged, from the displacement-frequency 
characteristics, to be little affected by higher 
mode vibration, £,)(h)/€_, does not increase 
so much as in the above systems even when 
collision velocity increases and the ratio of 
decrease in coefficient of restitution is small. 
Furthermore, in spite of the fact that the 
vibratory system is made of phenol resin in 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


this case, it shows an extremely high value 
of coefficient of restitution a@>0.9 when the 
velocity immediately before collision is below 
20 cm/sec. 

From the foregoing, it will follow that the 
coefficients of restitution are extremely af- 
fected by higher mode vibration induced 
after collision. This naturally means that the 
vibrations after collision are assumed to have 
a single degree of freedom and the higher 
mode vibration components are considerd as 
included in the coefficient of restitution, which 
is evaluated from Eq. (40). 

As the higher mode vibrations nearly dis- 
appear until the following collision in the 
vibratory system used in this study, high 
vibration energy may be regarded as apparent 
loss energy and chatter may be studied by 
regarding the higher vibration energy in the 
coefficient of restitution as lost at the moment 
of collision. Accordingly, the equation indi- 
cating response given in with paragraph 3.1 
for a vibratory system of a single degree of 
freedom repeated collisions is valid only when 
the higher vibration energy acts as_ loss 
energy as explained above. 

Hemispherical gold-plated brass contacts 
with a radius of 0.5cm and flat gold-plated 
brass contacts were used in this study. 


4.2.2. Effect of Contact Material 


To know how the coefficients restitution 
are affected by the contact materials, experi- 
ments were conducted using brass, copper, 
alminium, and lead moving contacts. 

The observed values of coefficients of resti- 
tution, when moving contacts of different 
materials but of the same mass, 5.3 grams, 
are fitted to the vibratory system (4) and 
made to collide with the-fixed contact are 
shown in Fig. 18. 

If flat moving contacts are made to collide 
with fixed contacts for the first time, the 
coefficients of restitution shows an extremely 
low value in the case of such soft materials 
as lead and the contacts suffer plastic defor- 
mation. As vibration energy is clearly used 
in plastic deformation in this case, the coef- 
ficient of restitution shows a low value. 
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Fig. 18—Restitution coefficients and collision 
velocities of different metals (actual- 
ly measured values). 
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~Fig. 19—Collision velocity curve of vibratory 
system when moving contacts are of 
Al (observed). 
(E_9°? =10. 3 cm/sec.) 
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Fig. 20—Collision velocity curve of vibratory 
system when moving contacts are of 
lead (observed). 
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If, however, they are repeatedly made to 
collide, the amount of plastic deformation 
decreases and the restitution coefficient gradu- 
ally shows higher value, finally nearing a 
fixed value. 

The coefficients of restitution shown in 
Fig. 18 are the values actually measured after 
over fifty repeated collisions at a collision 
velocity 25 cm/sec. 

As seen from Fig. 18, the coefficients of 
restitution vary with the contact materials. 
With the brass, aluminium and lead used in 
the experiment, the higher the hardness of 
the materials, the higher the coefficients of 
restitution become. 

The effect of the collision velocity upon 
the coefficients of restitution is shown in Fig. 
18. The restitution coefficients of brass, 
copper, and aluminium decrease monotonical- 
ly with increasing velocity; but on the con- 
trary, that of lead decreases. 

The observed velocities of the repeated 
collisions, when the moving contacts are 
made of alminium or lead and the velocity 
immediately before the first collision is 10.3 
cm/sec, are shown in Figs. 19 and 20, from 
which it will follow that a slight amount of 
higher mode vibration induced after collision 
is observed in each case. The amplitude of 
the higher mode vibration is a little larger 
with aluminium than with lead, but not con- 
spicuous. Although higher mode _ vibration 
induced after collision does not vary much, 
an extremely low value of coefficient of resti- 
tution is shown, particularly with lead. There 
exists energy loss other than higher mode 
vibration on collision. 

The hardness values shown in Fig. 18 for 
the contact materials is the value of hardness 
measured with a Vicker’s hardness tester, 
using a load of 25 grams, after the restitution 
coefficients had been measured. In this ex- 
periment fixed contacts identical to those 
described in the preceding paragraph and flat 
gold-plated moving contacts were used. 


4.3. Operating Time and Number of 
Contact Closures 


While contact chatter is ‘in progress, the 
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normal characteristics of a relay fail. There- 
fore the time from the beginning of a relay 
operation until the cessation of chatter; that 
is, the operating time, is an important factor 
in the determination of the operating speed 
of the relay. In this paper the operating 
time is multiplied by the natural angular fre- 
quency of the vibratory system and given as 
a dimensionless number. Also, the number 
of times the contacts open and close during 
operation, that is, the number of contact 
closures is an important factor upon which 
contact life depends. 

Therefore, the above two factors, which 
are typical of the degradation of the charac- 
teristics of a relay due to chatter, will be 
considered hereafter. 

Vibration with collision of a vibratory 
system of a single degree of freedom acted 
upon by damping force proportional to ve- 
locity is, as shown in paragraph 3.1, deter- 
mined by the initial condition, €&s,; prede- 
flection, £); damping coefficient, 6; natural 
angular frequency, w; and coefficient of resti- 
tution a. Thus if the conditions for the 
cessation of chatter are evaluated, the oper- 
ation time and the number of times the relay 
chatters can be estimated. 

Here the conditions to end chatter are 
evaluated by comparing the values of oper- 
ation time and the number of contact closures 
calculated by the method shown in paragraph 
3.1 and the value actually measured. 

There may be many ways of detecting the 
cessation of chatter, but it may be regarded 
as ended when the current flowing between 
the contacts reaches a steady state. Here, as 
shown in Fig. 10, the contact pulse is pro- 
duced by the closure of a fixed and a moving 
contact which are at different potentials and 
recorded on an oscilloscope. The chatter is 
said to have caused when the signal from 
the contacts reaches a completely steady 
state. 

In this experiment, the voltage between 
the contacts, when open, was 0.22 volts and 
current flowing in contact circuit, when clos- 
ed, was 1.2 107* amperes. 

The observed displacement curves and con- 
tact pulses for vibratory system (1) are shown 
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in Fig. 21, (a) and (b) respectively; &s:/&)=6 
(constant) and 6=0.05 and 1.0. 
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Fig. 21—Collision vibration displacement and 
contact pulse of vibratory system-1 
(observed). 


(€s:/§5=6) 


As clearly seen from the displacement 
curve in Fig. 21 (a), the vibration with col- 
lision of the vibratory system can be regard- 
ed as being of a single degree of freedom. 
The interval between contact pulses becomes 
smaller with lapse of time. Particularly in 
Fig. 21 (b), nine contact pulses were observed 
but vibration ceased with the tenth pulse, at 
which time chatter is clearly found to have 


ended. 
4.3.1. Results of Experiment 


Typical examples of the operation time 
and the number of times chatter occured 
actually measured within the experimental 
range shown in Table 2 using the five kinds 
of vibratory systems described in paragraph 
4 are given in Fig. 22 and Fig. 23. In these 
figures, the points show the experimental 
values while the solid curves show the values 
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Table 2 


RANGE OF EXPERIMENT 


a 7 hn ee ee ee ee 


Systems 1 2 3 4 | 5 Unit 
Mass M oul) Lay (ont ” 2 SMO en Zz ; : 
Stiffness § 22> a is tke en 10° = altOe ‘ 87 x 10° 3. 87 oT dyne/cm 
Natural Freq. : 31.6 2: a Saez | ole . 39.1 c/s 
Damping Const. 0) 0. 05~2 0. ea 0. 05~2 0. 05~2 0. oe — 
Predeflection & 0. 08~0. 32 0. ae 32 0. oe ; 0. os 28 | 0.1 = aes mm 
Initial Displacement €¢1 = 0. 49~0. 65 0. 49~0. 65 0.49~0.55 | 0. 49-~0. a . 0.6 ~0.8 mm 
Moving Contact Shape: Flat ; Material: Brass (except No.4 of. lead) 
Fixed Contact Shape: Hemi-sphere of 1 cm diameter ; Material: Brass 


calculated from K_.~=E€_)™/w&)>0.05 by the 
method shown in paragraph3.1 using the 
measured values of coefficient of restitution 
from Fig. 14. These values show good agree- 
ment with each other. The upper part of 
each figure show the relation between the 
dimensionless operating time and the defined 
above damping coefficient while the lower 
part shows the relation between the number 
of contact closures and the damping coef- 
ficient. Both are represented with the value 
of &5,/£) as parameter. 

The observed values of operating time and 
a number of contact closures are conspicuous- 
ly affected by the coefficient of restitution 
when the damping coefficient is small, but 
the effect of coefficient of restitution becomes 
smaller as the damping coefficient becomes 
larger. That is, when the damping coefficient 
is small, operation time and the number of 
contact closures of vibratory system (5), 
which has a small coefficient of restitution 
as shown in Fig. 23, are distinctly smaller 
than those values in vibratory system (1) 
which has a larger coefficient of restitution 


as shown in Fig. 22. 

However, as the damping coefficient be- 
comes larger, there is hardly any difference 
between the measured values of these vibra- 
tory systems. 

This is because of the following facts. 
The coefficient of restitution, as stated above, 
represents the loss energy inclusive of higher 
mode vibration energy, and the damping 
coefficient represents the controlling force 
proportional to velocity. Both, however, be- 
long to the same category in that they repre- 
sent the dissipation of the collision vibration 
energy. When the damping coefficient is 
small, the vibration energy loss related to the 
coefficient of restitution predominates; but 
when the damping coefficient is large, the 
vibration energy loss related to the damping 
coefficient becomes predominant, and the 
effects of the coefficient of restitution are less 
likely to appear. 

The relation between the damping coef- 
ficient and the operation time is that as_ the 
damping coefficient increases the operation 
time decreases, reaches its minimum value 
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Fig. 22—Relation between operation time and 
number of contact closures to the 
damping coefficient, initial displace- 
ment, predeflection, and damping 
coefficient of vibratory system-1 (solid 
curves: calculated values; points : 
observed values) 


at 6>1.0, and then increases. 

The smaller the coefficient of restitution; 
that is, the larger the collision vibration 
energy loss, the more monotonitically the 
number of contact closures decreases. 

The contacts used in the experiment of 
Figs. 22 and 23 are the same as those in de- 
scribed in paragraph 4.2.1. 

In paragraph 4.2.1 it is shown that the 
coefficient of restitution varies with the con- 
tact materials. Particularly with moving con- 
tacts of lead whose coefficient of restitution 
has a unique variation with change in col- 
lision velocity, the operation time and the 
number of contact closures were measured 
and are shown in Fig. 24. 

In the figure, the points show the results 
actually measured, when vibratory system (4) 
was fitted with moving contacts of lead hav- 
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Operating Time 


I 
Damping Constant 6 


Contact Closures 


Number of 
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Damping Constant 6 


Fig. 23—-Relation between operation time and 
number of contact closures to the 
damping coefficient, initial displace- 
ment, predeflection and damping 
_ coefficient of vibratory system-5 (solid 
curves: calculated values; points: 
observed values). 


ing the same dimensions and shape as those 
described in 4.2.2, and the solid curves show 
the values calculated for the observed values 
of coefficient of restitution shown in Fig. 18 
for the case of K_)™X0.05. The calculated 
values and observed values of operation time 
and number of contact closures agree well 
with each other as in the case of brass con- 
tacts. 

Judging from the fact that the experiments 
in which mass,. stiffness, damping coefficients, 
initial displacement, predeflection, and contact 
materials were changed result in good agree- 
ment between calculated values and observed 
values, the following equation may generally 
be used the condition for the cessation of 
chatter when a vibratory system of nearly a 


single degree of freedom collides with fixed 
contacts, 
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ecollen 3 
TGA = Se = . 
ba 0.05 (62) 
provided 
(€-ole,, : Critical velocity immediately 
before collision 
Ke. : Coefficient of critical closing 


velocity 
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Number_of Contact Closures 


0 0.2 OA 0.6 08 10 1.2 14 16 


Damping Constant 6° 


Fig. 24—Relation between operation time and 
number of contact closures to the 
damping coefficient, initial displace- 
ment, predeflection, and damping 
constant of vibratory system-1 (solid 
curves: calculated values, points: 
observed values). 


When the collision velocity is very small, 
(K_)»™<0.15) the ratio of the time the con- 
tacts are closed to the time they are open 
becomes too big to be neglected, and the 
calculated operating time differs from the 
measured time. The duration of contact 
closures, however, will be extremely short. 
Therefore, the observed values of operating 
time shown in Figs. 22~24 will only be a 
little larger than the calculated values. 


5. Chatter of Cantilever Spring 


The response of the contact spring, that 
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is, the chatter caused in the operation of re- 
lays now in practical use, is very complicated. 
In the case of displacement of the contact 
spring after impact, so many higher modes 
of vibrations are superimposed that the 
maximum displacement after the m-th impact 
often becomes smaller than that after the 
(n+1)th impact. 

Accordingly, as shown in section 4, when 
the restitution of the -th impact is obtained 
from the ratio of displacement after the (n— 
1)th impact to that after the m-th impact, an 
irrational relation such as a (the restitution 
coefficient)>1 is sometimes found. This 
irrationality comes from the ignorance of the 
fact that another impact takes place before 
the cessation of the higher modes of vibrations 
caused after impact. Therefore it can be 
avoided by taking the vibrations during the 
occurrence of impact into account. 

For the purpose of analytical study on the 
vibration caused by contact spring impact, 
the “lift-off type” relay now in common use 
was chosen, and studies were made upon the 
vibration of a uniform cantilever caused by 
impact, because this was considered to be 
vibration of the most ideal form. 

At first, the duration of contact closures 
of a uniform cantilever when it collides 
against a fixed contact, and the impact vi- 
brations of two cantilevers of the same size 
and form, were measured. Then it was de- 
tected whether the fundamental formula for 
the impact vibration of an elastic body (shown 
in the Section 2) is reasonable or not. 

Next, the response of a cantilever in the 
case of its impact against a fixed contact 
was calculated on an electronic analog com- 
puter, the calculated values were compared 
with the measured values, and the vibratory 
constant upon which the chatter of cantilever 
contact spring depends was obtained. 

For the purpose of research on vibration 
due to impact, the response of the contact 
in direct relation to chatter was examined, 
and experiments were carried out on it by 
giving initial displacement €&,,(/) to the canti- 
lever free end hung on the hook, under the 
initial conditions shown in the paragraph 3.3. 
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Fig. 25—Experimental equipment. 
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Fig. 26—Duration of contact closure and the 
initial displacement of the Ist impact 
of a uniform cantilever. 
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5.1. Duration of Contact Closure 


The basic formula in Section 2 was deriv- 
ed on the assumption that the duration of 
contact closure at impact was much shorter 
than the vibration period. In order to find 
the upper limit of the modes of vibration of 
the uniform cantilever satisfying the condition 
shown above, the duration of contact closure 
at the first impact against a fixed contact of 
several types of uniform cantilevers were 
measured the duration of contact closure at 
the first of uniform cantilevers impact against 
a fixed contact were measured. 

In this experiment, the impact point of the 
cantilever was 0.5cm away from the free 
end, the fixed contact was located at the 
neutral of the cantilever, the initial conditions 
were those shown in paragraph 3.3, and the 
initial deflection €;,(/) at the free end was 
changed to adjust the speed of the contact 
just before impact. In this way, the duration 
of contact was obtained. 

In this case, 0.6 V was applied between 
the contacts, and the amplitude of the pulse 
caused by the contact closure at impact was 
observed with an_ oscilloscope. In this 
manner, the relation between the duration of 
contact closure and o,- és:(J), where @ is 
the Ist natural angular frequency of the 
cantilever, was measured. The results are 
shown in Fig. 26. From the figure, within 
the range of this experiment, the vibratory 
period of a cantilever below the 3rd or 4th 
mode of vibration is found to be very much 
shorter than the duration of contact closure, 
which proves that the assumption from which 
the basic formula in Section2 was derived 
is correct. 

The fixed contact used in this experi- 
ment was a hemispherical brass contact with 
a radius of 0.3cm whose contact part was 
plated with gold. 

The dimensions, lst natural frequencies, 
and materials of the cantilevers used to 


measure the duration of contact closure are 
shown in Table 3. 
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DIMENSIONS OF CANTILEVERS USED FOR MEASURING THE DURATION 


Table 3 


CONTACT CLOSURE 


a a a ee ee eee eee 
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Cantilever Length (cm) Width (cm) Thickness (cm) | Ist natural frequency(c/s) Material 
1 5.8 210) = | as a i! i iE ae = 
2 13.0 BC } 0. 05 16. A ae a 
3 9.5 Bx 0. 10 60. uw 
4 7 re ; 20) | 0. 10 Does : a 
So, 2 SS) 5 8 0. 10 61.0 7 4“ 


5.2. Impact between Two Cantilevers 
with the Same Vibratory Constant 


Suppose that two elastic bodies with the 
same vibratory constant collide against each 
other for the m-th time at the point of con- 
tacts X; under the same conditions, and that 
elastic body (1) collides with the stationary 
elastic body (2) at any arbitrary velocity. 
Then, if the collision is perfect their velocity 
are exchanged as shown in the paragraph 2.5. 
and as a result, the vibration velocity of the 
point contact of elastic body (1) becomes zero 
immediately after the impact. In order to 
detect whether this relation is applicable to 
a real elastic body or not, measurement was 
carried out by using a uniform cantilever. 

Two cantilevers of nearly the same di- 
mensions, shape, and material faced each 
other; the free end of the cantilever (1) was 
given initial displacement, and it struck 
against cantilever (2) at rest. Then the vibra- 
tory displacement and the velocity of the point ‘ 
of contact of cantilever (1) were measured; Fig. 27—Contact response (measured value) at 

: ; , the impact .of two cantilevers with 
some of these results are illustrated in Figs. thé came. ibn tae ae 
27 (a) and (b). natural frequency: 23.8 c/s): 

Fig. 27 (a) shows the displacement curves 
for the first impact of cantilever (1) together 
with the contact signals. As shown in this 
figure, the curve for the displacement at the 
impact is bent, while the tangential line for 


> displacement 


(b) velocity of contact 
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the displacement immediately after the im- 
pact is nearly horizontal. In other words, 
the velocity of the point of contact of canti- 
lever (1) proves to be nearly zero immediate- 
ly after the impact. 

Fig. 27 (b) illustrates the vibratory velocity 
of cantilever (1) at its point of contact. As 
shown in this figure, the velocity is suddenly 
changed at impact and many higher modes 
of vibration are caused. In the case of the 
first impact, the velocity dropped nearly to 
zero. This seems suggestive of the coefficient 
of restitution appearing in Eq. (2.41). 

Therefore, it has been clarified that when 
two elastic bodies with the same vibratory 
constant collide against each other they ex- 
change velocity during impact, and as a re- 
sult the basic formula in paragraph 2.5 is 
proved to be right. 

Cantilevers (1) and (2) used in this experi- 
ment were made of brass and measured 16.2 
cm in length, 1.2cm in width, and 0.1 cm in 
thickness; their first natural frequencies are 
23.8c/s and 22.6 c/s respectively. 


5.3. Chatter of Contact Spring 


The contact response caused when the con- 
tact spring of a relay collides against a fixed 
contact was calculated on an electronic digital 
computer with the help of the basic formula 
shown in section 2. The results will be treat- 
ed in this paragraph. 

Young’s modulus £, the cross-sectional area 
S, the cross-sectional radius of gyration R, 
and the density o of the contact spring being 
considered are uniform. 

Besides, it is controlled by the following re- 
lations: 


OE 5 OPE 5 
2 i ae 
ESR ax! +So oP =() (63) 


Boundary conditions: 


when x«=0 (0€ 5) /(0x) =0, 
cm. (OE 5) Oxy =0) 


(OF 5)/(0x*) =0 


Es=0 
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where /=length of contact spring along the 
axis 
x=—direction of the axis 
£,=Free vibration displacement 


If the contact spring collides against a fix- 
ed contact which is situated at its neutral 
position, then it is sufficient to apply the con- 
dition of Eq. (30) to the basic formula for the 
vibration caused by impact to make 7=1 in 
Egs. (9)-(12) correspond to the contact spring 
and to change Eq. (13) into 


Bae 


Mim 


hy 


ae 1mX1 =0. (64) 


Hereafter, z will be omitted. 


5.3.1. Initial Condition 

The initial condition when the free end of 
the contact spring is loaded with a _ concen- 
trated static load and the free end displace- 
ment €s,(/) is given is obtained directly from 
Eq. (47); 

As is well-known, the stasic stiffness  s, 
observed from the free end of the contact 
spring becomes 


3 ESR? 
ae. (65) 


Si 


and the total mass M of the spring is 
M= 0Sl. (66) 


If Eq. (47) is rearranged after the substitution 
of Eqs. (65) and (66) into it, we obtain 


WM, 


5 emt (67) 


Om 


dm = Vee ° 
where 


On= Fn R Vie 
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where &,, express the value of the m-th 
normal function at the free end of the con- 
tact spring. 

In the following, Eqs. (43) and (67) are 
substituted into Eqs.(9) and (10), and the 


calculation is carried out under the condition 
@,=—1. 0. 


5.3.2. Results of Calculation 


The displacement and velocity of the contact 
were calculated for the cases when the free 
end of contact spring (y-=x//J=1), the node 
of 2nd mode of vibration (y-=0.8), and that 


of 3rd mode of vibration (y.=0.5) were made. 


to collide against a fixed contact. The cal- 
culation result is shown in Figs. 28 through 
30 inclusive. 

In the case of these calculations, the time 
increase 4t was assumed to be J4t=0.01/a, 
taking into account the calculation time; the 
normal function 5, was assumed to be m<3, 
considering the memory capacity of the 
computer. “nx, Qm*=fn/fi, a, and y=x/I are 
represented in Table4; 4,7 showing the 
normal function at the contact used for this 
calculation, 2» the ratio of the first natural 
frequency to the m-th one, @ the coefficient 
of restitution, and y,. the situation of the 
point of contact. 

In Figs. 28 through 30, the upper columns, 
whose ordinates repersent €/V;, and ab- 
scissas w,4t, show the relation between dis- 
placement and time length, the lower columns, 
whose ordinates similar. The lower columns 
show the relation between velocity and time 
length, where the ordinates represent ¢/Vs: 
and the abscissa w,4t. Each are represented 
without dimension. Accordingly, if o:, the 
1st natural angular frequency of the contact 
spring, and é,,(/); the initial deflection at the 
free end; are given, the absolute values of 
the displacement and velocity developed with 
passage of time are obtained with ease. 

Fig. 28 shows the response caused by the 
impact of the free end of the contact spring. 
It is a very complicated response because the 
1st-3rd vibration modes are super imposed. 


’ ee On; and ye are quoted from reference (13). 
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Fig. 28—Displacement and velocity (calculat- 
ed values) of the free end of a 
cantilever spring at its impact a- 
gainst a fixed contact. 
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Fig. 29—Displacement and velocity (calculat- 
ed values) of the node of the 2nd 
mode of vibration at the impact of 
a cantilever against a fixed contact. 
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Fig. 30—Displacement and velocity (calculat- 
ed values) of the node of the 3rd 
mode of vibration at the impact of 
a cantilever against a fixed contact. 
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Table 4 


VIBRATORY CONSTANTS OF CONTACT SPRINGS USED IN THE CALCULATION 


Calculation ne Box | Bay 
example ai 
No. 11 — 2.000 2. 000 —2. 000 
No. 21 —1. 449 0. 135 0. 793 
No. 31 —0. 678 —1. 376 —0. 039 


Fig. 29 illustrates response near the node 

of the 2nd mode of vibration (y-=0.8). It is 
a response composed mainly of the lst and 
3rd vibration modes. In this case, the 2nd 
mode of vibration is scarcely caused, and so 
the ratio of the 1st natural angular frequency 
to the higher natural angular frequency 
nearest to it becomes 2;=17. 547. 
It is higher than 2,=6.267 at the free end. 
On the other hand, |Zomx| at the free end 
is |£o2x/=|2o3y\=1.0, while that around the 
node of the 2nd mode of vibration is |2:,/= 
0. 093, |Fo3y\= 0. 547. The latter is smaller than 
the former. 

In other words, when 2,, becomes larger 
and Sym, smaller, the displacement curve 
should become simpler and becomes more 
like the curve for vibration caused by the 
impact of a vibratory system with a single 
degree of freedom. 

The vibration caused by the impact around 
the node of the 2nd mode of vibration shows 
a fairly simple response, but the maximum 
displacement after impact does not always 
decrease, because higher modes of vibrations 
caused by previous impacts have completely 
ceased before a new impact occurs. This is 
represented by the calculated examples shown 
in Fig, 29. 

Fig. 30 shows the calculated values for im- 
pact near the node of the 3rd mode of vi- 
bration y.=0.5, when a=1. Roughly speaking, 
in this case the response is composed of the 
lst and 2nd modes of vibration, and the 3rd 


ee EME a a 


OF, Q» Qs; | Qa Ne 
~ | 
Torecr | | 
1.000 | 6. 267 17.548 | LO | 1.0 
1. 000 6. 267 17. 548 1.0 | 0.8 
5 | | | 
6.267 |> 17.548 to Ses 


mode of vibration does not appear. 

This time, the normal function ratio |Z): y|= 
2.03 is large compared with the ratio 2 .,/= 
1.0 in the case of the free end of the canti- 
lever. For this reason, even though little 3rd 
mode vibration appears, the displacement 
curves become complicated and show that 
the 2nd mode of vibration appears remarkab- 
ly, repeats short impact vibration several 
times, and then has a strong repulsion. 

In this calculated example, the vibration 
energy of the vibratory system during impact 
is fixed, but the maximum displacement or 
maximum speed after impact is larger than 
that before it, and the response is much 
varied by the condition of the impact point 
of the contact spring due to the difference 
of the normal function at the contact. This 
fact shows how much the chatter of a con- 
tacts spring is affected by the change of dis- 
tribution of the energy of higher mode _ vi- 
brations caused by impact. 


5.4. Actual Chatter of Uniform 
Cantilever 


As shown in the preceding paragraph, the 
chatter of the contact spring varies remarkab- 
ly with the higher modes of vibrations occur- 
ing after impact, and quite a different re- 
sponse of displacement or velocity is often 
caused after impact, because of a small di- 


fference in the vibration condition before 
impact. 
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The higher modes of displacements are not 
so necessary to obtain an approximate so- 
lution scientifically good for the forced vi- 
bration of a common elastic body, because 
as shown by Eq. (44), it converges according 
to the order of wm-?. For vibration caused 
by impact, however, the displacement of the 
higher mode of vibrations occuring after im- 
pact is nearly in reverse proportion to om, 
and so even fairly high modes of vibrations 
must be considered as compared with the 
case of forced vibration. 

Therefore, for the purpose of study of vi- 
bration caused by impact, it is necessary to 
obtain the vibratory constants of elastic body 
to a reasonably high mode. 

Here in this paragraph, the vibratory con- 
stant is obtained by the method shown in 
paragraph 3.4; by using the constant, the 
vibration caused by collision of the contact 
of a uniform cantilever is calculated with an 
analog-type computer under the initial con- 
ditions given in paragraph 3.3, and the results 
are compared with the measured values. 

The real characteristics of the damping 
force which acts on a uniform cantilever in 
practical use have not yet been brought to 
light. But by measurement, it has been found 
that the vibration mode of a cantilever near 
the natural frequency corresponds well to the 
natural function given in paragraph 2.4. 

Here, on the assumption that a real canti- 
lever is approximately represented by Eq. (14) 
and that its frequency-displacement characte- 
ristic is shown by Eq. (54), the vibratory con- 
stant to be used for the calculation of the 
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chatter to be discussed later is obtained by 
comparison between the measured values and 
Eq, (54): 


When the driving points of cantilevers are 
shown by 


yco=0. 65, 0.78 and 0.5, 


then the frequency-displacement characteristics 
at the driving points of the lst to 4th modes 
of vibrations become as shown by Fig. 31. 

In addition, the normal function ratio Zomy 
obtained from the measured value of fre- 
quency-displacement characteristic shown in 
Fig. 31, the natural angular frequency ratio 
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Fig. 31—Frequency-displacement characteristic 
of a uniform cantilever (measured 
values). 


Table 5 


VIBRATORY CONSTANTS (MEASURED VALUES) OF A UNIFORM CANTILEVER 
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Fig. 32—Response of the free end of a uniform 
cantilever at the impact of a cantilever 
against a fixed contact (¥e=0.95, &)= 


0). 
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Q,, and the damping constant 6, are shown 


Pp) 


in Table 5. 
The calculated and measured values of the 


response for the case of the collision of a 
cantilever with the vibratory constant shown 
in Table 5, against a fixed contact are re- 
presented in Figs. 32-36. 

Figs. 32-34 show the response when the 
point of contact of the cantilever is near the 
free end, y-=0.95. In these figures, only the 
position of fixed points of contact are different 
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Fig. 33—Response of the free end of a uniform 
cantilever at the impact of a cantilever 
against a fixed contact (ye=0.95, €s:/€ 
=6). 
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Fig. 34—Response of the free end of a uniform 
cantilever at the impact of a cantilever 
against a fixed contact (ye=0.95, &s:/&o 
=2), 


from each other, but the response are re- 
markably varied. This fact is essential for 
the consideration of the chatter of a relay. 
In research on the chatter of relays, consider- 
ation has long been made of contact pressure 
Sy*€y (Sy: the static stiffness of elastic body 
observed from the contact), * but actual- 
ly, the chatter is controlled by &. 

Fig. 35 shows the response when the con- 
tact of a cantilever is at the node of 2nd 
mode of vibration, y-=0.78, and the natural 
contact is at the neutral position of the 
cantilever. The 3rd mode of vibration of the 
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Fig. 35—Response of the node of the 2nd mode 
of vibration of a uniform cantilever at 
the impact of a cantilever against a 
fixed contact (ye=0.78, &)=0). 
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Fig. 36—Response of the node of the 3rd mode 
of vibration of a uniform cantilever at 
the impact of a cantilever against a 
fixed contact (y.=0.5, So =0)3 
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vibratory displacement in this case appears a 
little more remarkably than in example No. 2 
of the calculated values given in the paragraph 
5.3, but the response is simpler than at the 
free end, and resembles the vibration of a 
vibratory system with a single degree of 
freedom caused by impact. 

Fig. 36 shows the response when the canti- 
lever contact is at the node of the 3rd mode 
of vibration, y.=0.5, and the fixed contact is 
at the neutral position of the cantilever. In 
this case, the difference between the calculat- 
ed values here and the values of calculation 
example No.3 in paragraph 5.3 is mainly due 
to the difference of coefficient of restitution. 

The calculated values given above have 
been obtained by considering the vibrations 
to the 4th mode. Through comparison be- 
tween the calculated and measured values, it 
has been-found that the measured values of 
vibratory velocity show the occurrence of 
vibration of higher modes than the 4th, but 
that the calculated and measured values are 
in good correspondence. In the case of a 
cantilever, therefore, it is not necessary to 
consider the vibration of higher modes than 
the 4th, and it permissible to discuss the 
chatter by considering these vibrations as in- 
cluded in the coefficient of restitution. 

The coefficient of restitution. used for the 
calculation is 


0.8.0 3= 0585: 


As shown by the examples of measured 
values above, the maximum displacement or 
the maximum impact velocity of the contact 
after collision often becomes larger than be- 
fore the collision, and so many higher modes 
of vibrations are superimposed that the co- 
efficient of restitution is difficult to actually 
measure. 

The coefficient of restitution in this case is 
varied by the higher mode vibration energy 
caused at collision (vibrations of modes high- 
er than the 4th), as in the case of the single 
degree of freedom vibratory system shown 
in paragraph 4.2. And with the increase of 
the mode number of a given vibration, the 


coefficient of restitution naturally shows a 
higher value. 
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As a result of the above consideration, it 
has become clarified that the chatter of an 
elastic body can be expressed by the basic 
formula shown in the Section 2. According- 
ly, the physical quantities which contro] the 
response of an elastic body when it collides 
with a fixed contact are Z)my, the normal 
function ratio at the contact; £, the natural 
angular frequency ratio; &4/&, the ratio of 
- the initial displacement to the predeflection; 
dm, the damping constant; and a, the coef- 
ficient of restitution. 

The cantilever used in this experiment was 
a brass plate of: 18.0 cm length, 1.2 cm width, 
and 0.2cm thickness with rectangular cross- 
section; the fixed contact used was a gold 
plated hemispherical brass contact with a 
radius 0.3cm, and all the contacts of the 
cantilever used were gold plated. 


6. Simplification of Chatter?” 


As already mentioned, the vibration of a 
uniform cantilever caused by impact is so 
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movable contacts were flat. Their displace- 
ment and speed were measured in the same 
way shown in Section 5. 


6.1. Chatter of Cantilever with Mass 
at Free End 


The transverse vibration of a typical canti- 
lever with mass at its free end is often re- 
presented by a differential equation such (63), 
and the boundary condition is shown by the 
following equations: 


Boundary: 
x=0, &,=0, Bes cane , oF s = 
Ox Ox? 
O%E 5 07 
ESReSL — L 
. 0x3 ee ot? 
where ™M,: Attached mass. 


In this case, the normal function £, is as 
shown by 


Um (68) 


complicated that it cannot be treated with 
ease. But as is suggested in the collision of 
the node of 2nd mode vibration of unifurm 
cantilever, if the normal function ratio Zon, at 
the contact is made smaller and the natural 
angular frequency ratio 2, is increased, then 
the response of these elastic bodies is expected 
to approach the single degree of freedom vi- 
bration. Besides, if the higher mode of vibration 
caused after impact is promptly stopped by 
a damping force, the chatter can probably be 
considered as in Section 4. To verify the as- 
sumptions mentioned above, cantilevers which 
simplify the vibration caused by impact were 
experimentally, and experimental and_theo- 
retical researches were made on their vibration 
caused at the collision against fixed contacts 
at their neutral position. The fixed contacts 
used in the experiments were hemispherical 
brass contacts 6mm in diameter, and the 


=) _ ; 28 sin Rm « + sinh Rm(1+ cos 5 ime ‘cosh Rm) 
oe 


¢ sin Rm + sinh Rm)? 


where 


56 
cosh Rm 


x 
Um = Rn Fyne Z 
( Cos jj ] 


cos kn + cosh kn ( : Xx 
= sin Rm 


: x 
sin kn + sinh km sinh Ry, 7: 


In the above equation, the eigenvalue k,, is 
the root of the following equation. 


cos Rm: cosh km +1+f8:Rm( cos Rm: sinh Rm 


— sin Rm: cosh km) =0 (69) 
where 
Ma 
B oa 
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Table 6 


VIBRATORY CONSTANTS (MEASURED VALUES) OF A CANTILEVER 
wITH MASS AT THE FREE END 


nl ene 
pe ts am | | 5 Sie. ee A 
B | Fox | 23x 2 04X Q, Qs Q, | 0; | 02 | 3 | 4 
<a | 
Galen 0157 | G40) a= 0n30 7.09 20. 79 41.59 | 0.0026 | 0.0011 | 0.0011 | 0.0008 
1.92 | —0.09 | 0.04 a 12.94 36. 16 —— | 0.0041 | 0.0009 | 0.0007 _— 
8. 32 a) aoe a — | 00040 | — | ate — 


As shown by Eqs. (68) and (69) for a 
cantilever with mass at the free end, with 
increase of the mass ratio the normal function 
ratio Z ym, becomes smaller and the natural 
angular frequency ratio 2, grows larger. 
Accordingly, when $ becomes larger, the 


chatter should approach that for the case 
of a single degree of freedom vibratory 
system. 


Subsequently, the response caused when 
the free end of the cantilever with mass col- 
lides with the fixed contact at the neutral 
position will be considerd, under the initial 
conditions shown in paragraph 3.3. 

The initial condition in this case is ex- 
pressed in the same form as in the case of 
a uniform cantilever by substituting the fol- 
lowing equation into Eq. (67). 


BEO! 
kit(1+B) © 


St 


(70) 


From the values of the displacement-frequen- 
cy character at the free end of the cantilever, 
measured under the conditions 6=0.13, 1.92, 
or 8.32, vibratory constants were obtained as 
shown in paragraph 6.4, and are shown in 
Table 6. 

By using the vibratory constants in Table 
6, the vibration of a cantilever caused by 
impact was calculated and the results are 
shown in Figs. 37 through 39 together with 
the measured values. 

As shown in Fig.37, when 8=0.16, the 
response is very different from that caused 


at the impact of the free end of the uniform 
cantilever (8=0) which is shown Figs. 48 
and 32. When £=0, the impact is repeated 
several times at short intervals after the first 
collision, and then a remarkable restitution 
occurs when §=0.16, a remarkable 2nd mode 
of vibration appears after the first impact, 
and then the second collision occurs after the 
lapse of half a period of the fundamental 
mode of vibration. 

Fig. 38 illustrates the response when $= 
1.92. In this case, the velocity curves show 
2nd mode of vibration slightly, but it can be 
regarded as a single degree of freedom vi- 
bration. 

The calculated and measured shown values 
above are in good correspondence. In this 
case, the coefficient of restitution obtained by 
comparison between the calculated and mea- 
sured values is as follows: 


O28 2a OsO: 


It has been experimentally verified for a 
cantilever with mass at the free end, that as 
the mass rasio § increases, the chatter in this 
case approaches the chatter in the case of 
single degree of freedom vibration, and that 
when $2, the chatter can be treated as the 
chatter of the single degree of freedom 
vibratory system shown in the section. Most 
of the motions of armatures in relays now 
in use are considered to be those for the 
case of 8>2. And so, when their restitution 
is discussed, the theory in Section 4 is 
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applied for convenience. 

The vibratory systems used in the experi- 
ment treated in this paragraph, are as 
follows. 

When £=0.16, aluminum bars of 16.3 cm 
length, 2.0cm width, and 0.15cm_ thickness 
with brass weights of 2.05 grams attached 
to the ends were used. 

When £=1.92 and 8.32, aluminum bars of 
9.75 cm length, 0.8cm width, and 0.15 cm 
thickness with brass weights of 6.07 grams 
and 26.32 grams respectively attached to the 
ends were used similar respectively. The con- 
tacts of their cantilever were the attached 
masses finished to be flat. 


6.2. Chatter of Reinforced Cantilever 


If the clamped end of cantilever is permit- 
ted to have angular displacement the frequen- 
cy ratio of the cantilever, 2, is enlarged.” 

As a simple example, suppose that the 
transverse vibration is shown by the differ- 
ential Eq. (63), and that the boundary con- 
dition is represented by the following equ- 
ations. 

Boundary condition: 


= = Os las 
when %*=0, §&,=0, oo 71 ae 
Ge ae 
when «=I, ay =\)) ay =1\). 


In this case, the normal function &,, is 


" 
u m 


3) (sin km + sinh kn)? i 
(Cos km * sinh km — sin Rm +» cosh km)? f 
(71) 


ty 


where 


Tbe =(cos kin —cosh ln) 


_ coskm+cosh km (_. iG ; a 
neice ti bn | 
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27Rm P : 55 
- id inh Rm-sin km— 
sin Rm +sinh Rm ‘ l 


+ sin Rm-sinh hn 


The value of the eigenvalue k» in the above 
equation is the root of the following equation. 


cos Rmcosh km +1+7Rm(cos kmsinh kn 
—sin Rm:cosh Rm) =((, @2) 


where 7 shows the softness coefficient which 
represents the binding condition at the 
clamped end. 

Eq. (72) is the same in form as the trans- 
cendental equation for a cantilever with mass 
at the free end. The initial condition in this 
case can be obtained by substituting the fol- 
lowing into Eq. (67): 


_ BaréeD 


> ee nae ony 


The vibrating systems shown in Figs. 40 
and 41, which are cantilevers satisfying the 
above conditions, were experimentally made. 
Most parts of these cantilevers are reinforced, 
being strong enough in bending endurance, 
and only the part near the clamped end, is 
not reinforced; therefore it is weak enough 
in bending endurance as compared with the 
reinforced parts. Accordingly, 7 is large, and 
so 2» also becomes large. In the following, 
the response caused when the reinforced 
cantilever collides with a fixed contact at its 
neutral position will be considered. 

The vibratory constants near the free end 
(Ye=0.96) and at the node of 2nd mode (y,= 
0.71) of cantilever No.1, and the vibratory 
constants near the free end (y,=0.95) of canti- 
lever No. 2 are shown in Table 7. 

If the above measured values are compared 
with those for the uniform cantilever shown 
in Table 5, it is found that Syn, of the rein- 
forced cantilever does not differ too much, 
but that its Q, is very large. 

By using the vibratory constants shown in 
Table 7, the response of the cantilever collid- 
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Table 7 
VIBRATORY CONSTANTS OF REINFORCED CANTILEVERS (MEASURED VALUES) 

Cantilever Ye Eyox Foxx Q, Q,; Oy 02 03 
No. 1 0. 96 —0. 95 0. 78 23. 07 61. 47 | 0. 0037 0. 0029 0. 0020 
No. 1 0.71 0. 00 0. 80 a 61.47. | 0,.0040 | ==" | = 0n0085 
No. 2 0. 95 —0.95 0. 78 19.97 at = 40068 0. 0031 0. 0019 0. 0024 
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Fig. 40—Dimensions and shape of the rein- : 
forced cantilever No.1 (unit: mm). 


Fig. 41—Dimensions and shape of the rein- 
forced cantilever No. 2 (unit: mm). 
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Fig. 42—Response of the free end of a rein- 
forced cantilever at the impact of a 
cantilever against a fixed contact 


(ye =0.96, o=0). 
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ing with fixed contact was calculated, and 
the results are shown in Figs. 42~44 together 
with the measured ones. 

Fig. 42 shows the values obtained near the Py ee 
free end of cantilever No.1. At this time, 
the velocity curves show the combination of 
lst and 2nd modes of vibration; while the 
displacement curves show that the degree of 
freedom of the response is about 1, although 
2nd mode vibration of smal) amplitude is 
found. These responses are different from 
those in Section 4, in that they make re- 
markable restitution after repeating impact 
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Fig. 43—Response of the node of the 2nd 
mode vibration of reinforced 
cantilever No.1 at the impact of 


a cantilever against a fixed con- 0 vs 
tact G7—0Me Si — (0). tO} So = 08 


Fig. 44—Response of the free end of reinforced 
cantilever No.2 at the impact of a 
cantilever against a fixed contact We= 
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Table 8 


VIBRATORY CONSTANTS OF A COMPOUND CANTILEVER (MEASURED VALUES) 


| a a a ————— 


Se Fooy Fusx Fos Q, Q, | Oy | 02 03 04 
: F en hee 
0. 95 =). $8 0. 80 =0, 75 sp Sohal Suan ers 28. 76 0. 086 | 0. 046 02027 Vie OnOzIT 


vibration a few times at very short intervals. 

Fig. 43 shows the response obtained at the 
node of the 2nd mode of vibration of canti- 
lever No.1. In this case, the velocity curves 
show the combination mainly of lst and 3rd 
mode vibrations, and the displacement curves 
show that the degree of freedom of the re- 
sponse is 1. As a result of comparison be- 
tween the calculated values and measured 
values, it is found that the latter for the 
higher modes of vibrations caused after 
collision are somewhat larger. 

Fig. 44 shows the response obtained near 
the free end of cantilever No. 2 (y-=0.95). 
This response is nearly the same as that 
obtained at the node of the 2nd _ vibration 
mode shown in Fig. 35, because their fre- 
quency-displacement characteristics resemble 
each other. From this fact, it is found that 
if only the vibratory constants at the con- 
tacts are the same, cantilevers show the 
same response even if they have different 
dimensions and shapes. 


6.3. Chatter of a Compound Cantilever 


The rapid damping of the higher modes 
of vibrations by applying a damping force to 
the vibratory system is a good method to 
simplify the vibration caused by impact and 
to stop chatter rapidly. 

Here in this paragraph, the chatter of a 
compound cantilever*® to which visco-elastic 
material is applied will be discussed. 

As shown in Fig. 45, the cantilever used 
in this experiment is made of visco-elastic 
thermal-pressed _polyisobutylene whose di- 
mensions are: 17.5cm lengthx2.0cm width 


x0.09cem thickness; it is held between 2 
sheets of brass whose dimension are 17.5 cm 
length x 2.0 cm width Xx 0.1 cm thickness. 

In Table 8, are shown the vibratory con- 
stants near the free end (y.=0.95) and at the 
node of 2nd mode vibration (y.=0. 78). 
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Fig. 45—Dimension and shape of a compound 
cantilever (unit: mm). 


The frequency-displacement characteristics 
calculated from Eq. (54) for the vibratory 
constants in Table 8 have proved to corres- 
pond well to the measured values with an 
accuracy better than + 1.5dB within the 
measurement range. The damping force™ 
in this case is complicated, but it is permissi- 
ble to represent the normal vibration of the 
compound cantilever approximately as shown 
in Eq. (54). 

The vibratory constants of the compound 
cantilever given in Table 8 are a little 
smaller than those of the uniform cantilever 
given in Table 8, but Zomy shows nearly the 
same value in either case. This is why the 
difference between the compound and _ the 
uniform cantilever is considered to be mainly 
due to damping force. 
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In Figs. 46 and 47 are shown the calcu- 
lated and measured values of the response 
caused when the vicinity of the free end 
(y-=0.95) and the node of 2nd mode vibration 
of the compound cantilever collide with a 
fixed contact at the neutral position of the 
cantilever. 

As seen from the measured values, in the 
case of chatter of the compound cantilever, 
less higher mode vibration is caused than in 
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cpa 


er hi 


(a) Computed curve 
(2 =0.8) 


velocity ; <40msec— 


displacement 


—time 
(b) Observed curve (€.,(1)=0.8mm ] 


Fig. 46—Response of the free end of a com. 
pound cantilever at the impact of a 
cantilever against a fixed contact 


(ve = 0.95, Sy 0). 
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the case of the chatter of a uniform cantile- 
ver, so it is sufficient to consider the Ist~ 
4th mode vibration. 

Concerning the compound cantilever, when 
another impact occurs after a remarkable re- 
stitution which follows an impact, the influ- 
ence of the higher modes of vibrations is 
smaller and both the displacement curve and 
velocity curve are simpler than in the case 
of a uniform cantilever, because vibrations of 


5 
: 
$ 
a 
mms 
2 
wiht 


(a) Computed curve 
(a =0.8) 


—20msec> 


— time 


(b) Observed curve [€5¢(1)= 0:9mm] 


Fig. 47—Response of the node of the 2nd mode 
vibration of a compound cantilever at 


the impact against a fixed cont 
act 
=(0.78, €)=0). ee 
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modes higher than the 2nd have been ex- 
tinguished. 


7. Prevention of Contact Chatter 


In the lift-off type wire-spring relay now 
in practical use, as a make contact closes, 
the moving contact spring is moving with 
the actuating card or armature. Therefore, 
the velocity of the spring is fixed by the 
operating speed desired. Here, for the purpose 
of obtaining design data for the contact 
spring which is used to prevent contact 
chatter, the relation between the closing ve- 
locity of contact spring and contact chatter 
will be measured, and the conditions required 
of the contact spring will be considered. 

In Section 4, it has been shown that 
the condition for which contact chatter ceases 
when a simple vibratory eystem collides with 
a fixed contact is K-,. =0. 05. 

For the cantilever contact spring now in 
practical use in the wire spring relay, the 
existence of closing velocity of contact suf- 
ficient to prevent contact chatter has been 
confirmed experimentally and the critical 
closing velocity at which such a contact 
spring can be realized has been obtained. 
As a result, however. it has proved still in- 
sufficient for improving the speed of the re- 
lay. 

In the following, a new type of contact 
spring good enough to improve the rapidity 
of relay and to prevent contact chatter will 
be discussed; and furthermore, design methods 
will be given. 


7.1. Method of Experiment 


Fig. 48 shows the outline of the experi- 
mental apparatus which was _used.to measure 
the number of contact closures (7) and 
chattering time (7)* by changing the di- 
mension of contact spring and the contact 
velocity £9? immediately before the lst im- 
pact. 


* This means the time length from the 1st impact until 
the end of contact chatter. It is represented by the 
measured value multiplied by the 1st natural frequen- 
cy @,, which results in a dimensionless quantity. 
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As shown in this figure, vibratory system 
4 in Section 4 is equipped with a hook upon 
which a contact spring is hung. Next, the 
driving coil is supplied with current by clos- 
ing the switch S, and the contact spring is 
displaced downward together with the hook 
to open the contact. Subsequently, if S is 
opened, the current provided is turned off, 
and the moving contact approaches the fixed 
contact together with the hook. When the 
contact is closed, the contact spring is separat- 
ed from the hook, and operates the lift-off 
type movement. The hook and the vibratory 
system serve nearly the same purpose as the 
relay card and armature. 


Fixed contact. 
Contact spring, 2eex Q 
J = 159 signal 
_| Velocity 


Oscilloscope 


Pickup 


_ Moving body 


nsulator, : 
Spring 


N 


N | 1 vy 
sh 
~) Magnetic is 
circuit E 


Fig. 48—Semischematic diagram of the experi- 
mental set up of experimental equip- 
ment. 


Driving coil-— 


In this case, if the open circuit voltage of 
the damping coil is observed on an oscillo- 
scope when the contact is closed, &_) is 
obtained, while the number of contact closures 
and the chattering timef can be measured 
simultaneously from the contact signal in a 
manner similar to that described in Section 4. 

The velocity immediately before impact 
was adjusted by changing the current flowing 
through the driving coil. 

When the current supplied to the driving 
coil is turned off, voltage is induced in the 


ap “Chattering time” means the length of the period of 
time from the lst impact until the end of chatter. 
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damping coil, as described in Section 4, but 
this electrical transient vanishes within 4004 
sec. Within the range of experiments report- 
ed in this paper, the make of the contact 
occurs more than 2-3 msec after the current 
is turned off, and so the error in the measure- 
ment of the velocity due to this transient can 
be ignored. 

About 10 msec after the contact is closed 
and the contact spring is separated from the 
hook, the hook comes back, it touches the 
contact spring again, and the contact opens. 
But the interval between contact signals is 
so short that chattering time up to 5-6 msec 
can be measured with ease. The condition 
of contact signal circuit is the same as that 
described in Section 4. 


7.2. Critical Closing Velocity of a 
Cantilever Spring 


As mentioned above, the chattering time 
T, and the number of contact closures m 
were measured by changing the velocity of 
the contact spring immediately before impact 
£&_), and some results are given in Fig. 49. 
In this figure, Ky=€-o/woié) (where wn: the 
lst natural angular frequency of cantilever) 
is abscissa, while 7, or m to the ordinate; 
the dots show measured values and the solid 
curves roughly represent their mean values. 
From the figure, it is found that when K, is 
below Ky. r., contact chatter never occurs but 
when above K>.«,., mm and T, increase to- 
gether. Even when the dimensions of the 
contact spring or the position of the contact 
or the material of the contact spring was 
changed, nearly the same tendency was 
shown, and the value of K;..,. was almost 
the same. Then, the dimensions of contact 
spring was changed as shown in Table 9 and 
by the method described above, the critical 
closing velocity [£.Jo. e. below which contact 
chatter never occurs, was measured, and from 
thespmeasured value; Ky, or: =( ole. cn [OnE 
was caiculated. This K,.., plotted against 
predeflection £, is illustrated in Fig.50. In 
the figure, the measured values are somewhat 
different, but as shown in Fig.50, m, does 
not increase by over 2 or 3, even when K, 
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Chattering Time 


Number of Contact closures 


Fig. 49—Number of chatter closures, chattering 
time and closing velocity (measured 
values) (d=0.05 cm, y-=0.97, material: 
german silver). 
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Fig. 50—Coefficient of critical closing velocity 
of cantilever spring. 
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becomes larger than K;.., by 0.01. Even 
when the dimensions or the material of the 
cantilever contact spring is changed, the 
following relation is permissible: 
Tks. er. ==0, 04 (74) 
This value is about the same as the coef- 
ficient of critical closing velocity K.,. of 
simple vibratory systems. 

In this manner, the condition K,..,. under 
which contact chatter of the cantilever spring 
is never caused has been obtained, and so it 
is permissible to estimate the realizable upper 
limit of the velocity below which contact 
chatter never occurs. 

For a uniform circular cantilever contact 
spring, when the contact is at a distance x; 
from the clamped end of the spring, the re- 


alizable upper limit (€o]max of the predeflection 
is as follows: 


2Poaye 


3Ed (79) 


[Eo] max = - 


Accordingly, the realizable upper limit of 
closing velocity [&-oJs.cr.mar below which the 
chatter never occurs, is shown by 


Fal Krier Jo 


(E-oJb.cr.maz= ra 6 Eo (76) 
where k,;=1.8751: 1st eigenvalue of canti- 
lever 
o,: Allowable stress of spring 
Rosey) 


As seen from Eq. (76), (&-oJs.cr.max iS obtain- 
able if the material constant is given. For 
instance, for German silver, the material of 
contact springs now in practical use, if E= 
1.5x10‘kg/mm?, p=8.48kg/cm’, o2 =30kg/ 
mm2, Ky.er,=0.04 and ye=1 (the contact be- 
ing at the free end of contact spring), 


(ecole mer=20. 6 cm/sec HD 
7.3. Torsional Contact Spring 


For the speed-up of a relay, it is necessary 
to increase the speed of the armature. There- 
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fore it is desirable to design a contact spring 
without contact chatter in spite of the large 
value of &). The speed of armatures of re- 
lays now in actual use is 30-40 cm/sec. As 
described in the preceding paragraph, improv- 
ing the spring material is the only method 
of improving the critical closing speed [£-] 
er.mac, AS shown by Eq. (77), so long as the 
spring material now in use is adopted, con- 
tact chatter cannot be completely prevented. 

Next we shall discuss the torsiona! contact 
spring, a new type contact spring, to which 
spring material now in use is applied and 
whose (£&_oJer.max becomes larger. 

This type of contact spring, as shown in 
Fig. 51, has one end fixed, while the other 
end is bent at a right angles. The rotating 
portion is supported with a bearing; /, is the 
section with torsional vibration and /, is the 
section with transverse vibration. 


See 


“A 


Fig. 51—Model of a torsional contact spring. 


In this case, the torsional vibration of 
section /, is shown as 


PO p FO 


ral on i = 8) 


The transverse vibration of section /, is 


OS Fetes oe 
ye) BRAOP aS 


(79) 


The shape of the cross-sectional area is the 
same as that of a uniform pole. 
The boundary conditions are: 
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at Xi =0) 0=0 


at Sell or x2 =0, 
0€ 


0 . FE 
(ch Ox ie h =[zsR Ox” x2=0 


[EJxo=0 =0, 


when ball 
gee * [ Ohi } 
z = aoe 20 
( 0x2” re 0, Ox? )x2=1e 
where G: Shear elasitcity coefficient 


Ip: Polar moment of inertia of cross 
section 


The normal function at section /, in this case 
is 


o Utm 
mo? (sin Rim+sinh Rim)? i 
(cos kimsinh kim—sin kemcosh kim)? cos*vk? im 
(80) 


where 


Xe x 
Uim = (cos Rim — cosh Rem) 
i 


ly 


_ COS Rim +cosh Rew 


sin Rim + sinh Rim (si n ken) ie =sinh ken’ ie ) 
tan v Rim 
oie Smee 


(sinh k;m-sin hee i * + sin Rimesinh Rim ) 


2 


where 


a Elie pad yor l, 
PS OGh? yan) ERE 


The m-th eigenvalue kim in the above 
equation is the root of the following equation. 
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tom vk? tm 


1+cos Rim:cosh Rim +7Rim— R 
VE“ tm 


(cos Rim:sinh im—sin Rimecosh Rim) =0 


(81) 


Moreover, the m-th natural angular fre- 
quency of this contact wim is shown by 


_ Fim poe es G 
Otm — 12 R a. i, "5 (82) 


In Eqs. (80) and (81), when » is extremely 
small, the clamped end shown in paragraph 
6.2 is permitted angular displacement, and the 
other end is free, both being equivalent to 
those of a cantilever whose /, has been rein- 
forced. 

Fig.52 shows the normal 


functions kim 


43 


40 
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Fig. 52—Eigenvalue of a tortion contact spring. 
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Table 9 


CALCULATED AND MEASURED VALUES OF THE NATURAL FREQUENCY 
OF A TORSIONS CONTACT SPRING 
(Material : stainless steel, V E/p=4. 58x 10° cm/sec.) 


ee eer 
Ween cer | he Ist nature frequency | 2nd nalural frequency 
(cm) i, (cm) Iz (cm) ii v ine 
| Calculated Measured | Calculated | Measured 
| values values values values 
5.0 | 1, 29 0. 0036 49.1 47.5 518. 0 511. 0 
4.0 1. 63 0. 0057 Gong 67.3 828. 0 838. 0 
0. 045 5.0 _ sale fae: 
| 3.0 2.21 0. 0104 105, 2 108. 8 —— ——= 
= 2.0 3. 20 0. 0227 192.6 OZ = == 
10.0 1230 0. 0022 WA 2 MSs, 16322 WA, & 
5. 0 2. 60 0. 0089 42.0 46. 8 636. 0 638. 5 
0. 055 10.0 rn 
3.0 4. 33 0. 0247 90. 9 102. 2 — — 
PAW) 6. 50 0. 0555 168. 9 Sie D) —- od 
8.0 1. 30 0. 0040 By, It Sil, Z 370. 0 366. 2 
6.1 ky 3 | 0. 0070 48.8 AS, 5) 628. 0 628. 0 
0. 080 8.0 a : 
4.0 2560 a0. 0161 F 94. 3 93. 0 oe — 
| | | 
| 2.0 5 lemme 0647 272. 4 277.0 oan ws 4 
| 


obtained from Eq. (81), and Table 9 repre- 
sents the calculated and measured values of 
natural frequency of actual test samples. 

As seen from Table 9, the calculated 
values are in good correspondence with the 
measured ones. From Fig. 52, it is found that 
when » is small, eigenvalues are the same as 
those shown paragraph in 6.2 and that when 
7 becomes large, Qn also grows large. Ac- 
cordingly, the vibration of the torsional con- 
tact spring caused by impact shows the re- 
sponse of a single degree of freedom similar 
to that described in paragraph 6.2. 


7.4. Critical Velocity of Torsional 


Contact Spring 


When the torsional contact spring closes 


against the fixed contact, the critical closing 
velocity of the contact below which contact 
chatter is not caused: -(&_)J:.cr,* * was measur- 
ed in the same way as described paragraph 
in 7.2, and the measured values are shown 
in Table 11 together with the dimensions of 
the contact spring. From Table 10, the critic- 
al closing velocity coefficient K:.c-, in this case 
is shown by 
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Kicr.= Saale =(). 025 (83) 


Oro 


Kir. of the torsional contact spring is some- 
what lower than Ko.cr. of the cantilever con- 
tact spring shown by Eq. (74). However, on 
, of the torsional contact spring can be in- 
creased as described later, and so even when 
Ke Se small, (£-9):.cr. can be greatly increas- 
ed. For example, the measured values of 
contact signal under the condition that d= 


_O 


ki) 1 +3 y)/ kor 


Or ny WwW Fa D™ WO OO 
T T 


x. velocity 


"> time 
(a) Contact signal and closing velocity 
[é _»=450cm/sec]} 


i contact signal 


(b)Contact signal (time scale expanded) 


Fig. 54—Closing velocity and contact signal of 
a tortional contact spring at its free 
end (measured values). 
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contact closes 
—imsec— pera 


— velocity 


— time 
(a) Contact signal and closing velocity 
(&_, =69.0cm/sec) 


=z contact chatter 


—Rgontact closes 


—0.2msec— 


: —> time 
(b) Contact signal (time scale expanded)- 


Fig. 55—Closing velocity and contact signal of 
a tortional contact spring at its free 
end (meatured values). 


0.052:cm, 4=6.0.em, 212 Oicmisn — Olen 
and the material is German silver, are shown 
in Figs.54 and 55. Fig.54 shows examples 
when the critical closing velocity (&-o):.cr.= 
45.0 cm/sec. Fig.55 shows examples when 
[E-»]= 69 cm/sec, higher than in the above 
case, and three contact chatter are found. 
Therefore, if several contact chatter are per- 
mitted, the closing velocity of the contact 
spring can be much increased. 

Subsequently, the realizable critical closing 
velocity of torsional contact spring will be 
discussed. In this case, if the contact is locat- 
ed at a distance of x, from the bent part of 
contact spring, the static stiffness s, observed 
at the contact is 


3Exd* 
641221 + 37/0) Voe8 


si 


(84) 


As a result, if section J, is failed by simple 
bending when the predeflection [)), maz is 
given to the contact, the upper limit (eSolieser waa 
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of the critical closing velocity of this contact 
spring is obtained from Eqs. (82) and (84) as 
follows: 


4 _ Ga R11 Voc ( zi 85 
cele n= Gao Ee Ue (89) 


The allowable tensile stress of 

the spring 

ki: The Ist eigenvalue of the con- 
tact spring 

Yoe=%ze/lz: The position of the con- 

tact 


where oz: 


Furthermore, if section J, is failed by the 
maximum torsional stress, 


Cink Ks 19720 


3/ Ep (1435) > 


where +. is the allowable shear stress of the 
Spline OO, 06,5 2ta, (e2oltenmas 1S PIVEN 
by Eq. (85). For instance, for a tortional 
contact spring of German silver, if /;=6.0cm, 
b=Ocm, d=0, 2Cm, %=0, 88, B=, SH6110r 
kg/mm?, p=8. 48 gr/cm?, o1.=30 kg/mm’, G=5 
x10?kg/mm?2, K:.cr.=0.025, therefore, as 7= 
8 land v=0.08 %:=0.77 from Fig.52: And 
from Eq. (85), the following relation is found: 


onl eee 


(E-o)e. crs max = cm/sec (87) 


This critical closing velocity is over twice as 
large as that of the cantilever spring de- 
scribed by Eq. (77). 

When the contact is at the free end, if the 
critical closing velocity of cantilever contact 
spring and that of torsional contact spring 
are compared under the condition that the 
ratio of Eq. (76) to Eq.(85) is yw, then, as 
Yxe=Ye=1, the following equation is obtained. 


= [E-o}). er. max Ku. er. RP +3y7) 
‘ (CSUR he an ane Gare Rs, (88) 


Ki. er. /Ko. or. 18 fixed, and so if the relation 
between 7 and k?,, (1+37)/k%, for the case 
of »<0.1 is calculated, the results become as 
shown in Fig.53. From Fig. 53, when 7 be- 
comes large, the critical closing velocity of 
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the torsional contact spring grows much 
larger than that of the cantilever contact 
spring. 

In order to learn to what extent the above 
result is applicable to relays now in practical 
use, relays with torsional contact springs as 
shown in Fig.56 were made for trial, and 
their characteristics of were compared with 
those of the W-A type relays now in_ use. 


ee “TriatMade Relay 


Fig. 56—Appearances of W-A relay and the 
trial relay. 


A pure iron magnetic circuit of the same 
shape as those of the relays now in practical 
use was adopted in the experimental relays, 
and a torsional contact spring made of 
German silver with the following dimensions 
was used. 


d=(: 032 cm, V=6cm, b=Lem Goer cm 


The contacts were arranged for 8 pairs. 
The contact chatter of the make contact 
and of the break contact were measured, in 
Operating and releasing. The © results at 
the make contact are illustrated in Figs. 57, 
and at the break contact the results are sim- 
ilar. These figures show that there is sca- 
rcely any chatter of the contacts of the 
experimental relay. Here, “traveling time of 
contact” means the timelength from the beg- 


inning of operation of the armature until 
closure of the contact. 
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contact closes 


~=<O Amsec> 


— time 
(a) make-contact closes 
traveling time : 3.8msec, contact travel : 0.73mm 


contact closes 


=04msec— 


(b) W-A Relay 
traveling time : 3.6msec,contact travel: 0.77mm 


Fig. 57—Contact signal of the trial relay and 
W-A relay at the make contact. 


8. Conclusion 


The physical quantity at the make contact 
to represent relay chatter had not been pre- 
viously determined and so there were scarce- 
ly any clues to the study of the chatter in 
the case of the design of a relay. 

As a result of researches mainly on the 
chatter caused when an elastic body collides 
with a fixed contact, the relation between 
chatter and vibratory constant has been clari- 
fied. Moreover, not only has a basis on 
which the chatter is quantitatively understood 
when the movable parts of a relay are design- 
ed been given, but also a guide of design for 
the contact spring with no contact chatter 
has been obtained. 

The chatter caused in the case of impact 
of two bodies, is decided by Fome (normal 
function ratio at the colliding point), 2n 
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(natural angular frequency ratio), 6,, (damping 
coefficient), €,, (initial deflection) é, (predeflec- 
tion), @ (restitution coefficient) and the mass 
ratio observed from the colliding point of the 
two bodies. All the above-shown constants 
but the restitution coefficient are obtainable 
by considering the normal vibration of bodies 
at their colliding point, and can be controlled 
freely. . 

Concerning general mechanical elastic bodi- 
es, the components of higher mode vibrations 
of normal vibration displacement shrink by 
the order of w,-?, but the components caused 
after impact by the order of w,,~!. Accord- 
ingly, in the case of chatter, it is necessary 
to consider vibrations of much higher modes 
than in the case of normal vibration. Hence, 
the complexity of chatter. 

The restitution coefficient shows a_ higher 
value when the contact is harder or the 
vibration mode around impact is higher. 
When the chatter of a relay is considered, 
if the higher modes of vibrations caused after 
impact have vanished before the next impact, 
then it is permissible to consider that the 
restitution coefficient includes the energy loss 
of the higher mode vibrations. In the case of 
a uniform cantilever, as a result of research 
on the restitution coefficient considered to 
include the vibrations of modes higher than 
Ath, the calculated values have proved to 
correspond very well to the measured ones. 

Formerly, the contact pressure s,€ Was 
thought of as an important factor to control 
the chatter of contact springs.” * Indeed, 
it is an important factor when the load on the 
armature is considered, but what actually has 
a direct influence on the chatter is predeflec- 
tion €. So only in the case of comparison 
between the chatters of the same vibratory 
systems, consideration is possible by contact 
pressure. 

According to the higher modes of vibtations 
aused at impact, chatter is much_ varied. 
But if natural angular frequency ratio 2, with 
inost remarkable influence on chatter is en- 
larged, the normal function ratio om. at the 
colliding point is made smaller, and the higher 
modes of vibrations are stopped sooner, then 
the chatter becomes simpler, and shows the 
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response with single degree of freedom. The 
design and manufacture of such movable parts 
can easily be realized as shown in the Section 
6. 

When the contact closes, the critical closing 
velocity of a contact without contact chatter 
exists. The relation of a single degree of 
freedom vibratory system to a cantilever con- 
tact spring and to a torsional contact spring, 
the value of K.,. (the critical closing velocity 
with no contact chatter) is nearly the same. 
K.,., therefore, gives the design basis of a 
contact spring designed to prevent contact 
chatter. 

In the body of this paper, the motion of 
the “lift-off type” relay was discussed as the 
model. This concept is applicable to the 
motion of a relay with two moving contacts 
or of a “flexure type” relay. The analytical 
method used in this study seems applicable 
not only to the chatter of relays but to the 
design for printing telegraphic instruments 
and other apparatus where impact vibration 
occurs. 
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Feedback Type Distributed Amplifier Tube’ 


Takuya KOJIMAt 


A wide-band distributed-amplifier tube in which the anode and grid form a double helix 
has been studied. Part of the amplified signal on the anode line is fed back to the grid 


line for compensation of the grid line loss in the high frequency. 


The bandwidth of 


amplification obtained with the experimentat tube was from zero to 300 Mc/s. The theory 
of the design of the tube is described in this paper. 


Introduction 


In a previous report’ the author discussed 
a distributed amplifier tube with a bandwidth 
of 150 Mc/s and concluded that it is neces- 
sary to make a_positive-feedback-type distri- 
buted-amplifier tube for extension of the 
amplification bandwidth. Recently he con- 
structed a feedback-type distributed-amplifier 
tube in which part of the amplified signal on 
the anode line is fed back to the grid line 
for compensation of the grid line loss. Ampli- 
fication over a band from zero to 300 Mc/s 
was obtained with an experimental tube. In 
this paper, the results of experiments using 
experimental tubes as well as the theory of 
the feedback-type distributed-amplifier tube 
and the procedure for its design are de- 
scribed. 


1. Characteristics of Feedback-Type 
Distributed-Amplifier Tube 


1.1. Principle and Mechanical Con- 
struction of Feedback-Type 
Distributed-Amplifier Tube 


In Fig. 1 the principle of the feed-back-type 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, April 18, 1960. Originally publish- 
ed in the Kenkyt Zituyéka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), INGA 
Vol. 9. No. 6, pp. 639-648, 1960. 

} Electronic Components Research Section. 


distributed-amplifier tube is shown. A signal 
applied to the input of the grid line travels 
on the line and the cathode current modu- 
lated by this signal flows to the anode 
producing an amplified signal on the anode 
line which travels on the line in the same 
manner as in the previously described distri- 
buted-amplifier tube. In this tube, however, 
part of the amplified signal is fed back to 
the grid line through the capacitance C and 
the mutual inductance M between the anode 
and the grid lines. Thus the loss in the grid 
line which amounts to a considerable value 
in the high frequency region can be compen- 
sated. In Fig. 2 the construction of the feed- 
back-type distributed-amplifier tube is shown. 
The tube is a coaxial-type triode with the 
cathode in the center and with the grid and 
anode helixes coupled together and placed 
around it. 

The physical dimensions of the electrodes 


Matching | Anode oF 


. a Re eh ng ; 
impedance-——-" GG W OTT MOCO 0 © Output 
4 , iH u is ' i ' 
+ 4) FF! i Se} 
CL rie Oth ie Matching 


tN Ue LU a 
SLUSH O SG TOGO IOUS 
Input© \ ets: om 


Fig. 1—Principle of feedback-type distributed- 
amplifier tube. 
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Sul 
Table 1 
DIMENSIONS OF ELECTRODES 
Cathode coxide coated 
length 40 mm 
width 3mm 
Grid Helix triple winding 
length 40 mm Fig. 3—Distributed amplifier tube. 
a wire diameter 0.02 mm 
pitch 0.3mm 
Anode Hehk ee: 100 
ses SES Nest olouy ers Heater volt. | TmaN 
length A@vsceuen pene curr. 2 AWA 
ribbon width 0.3mm 
pitch 0. 492 mm 80 
Ze 
60 = 
Metallic supports Heater 
= . = 
\ o 
= - ; = 
ay = 
= Ceramics 40 2 
20 
Length=about 30mm | 


Fig. 2—Construction of feedback-type 3 = yi 0 


distributed-amplifier tube. GrideVollesency) 


Fig. 4—Static characteristics of experimental 
tube. 
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are shown in Table 1. In Fig. 3 a photograph 
of a sample tube is shown. 


1.2. Static Characteristics 


In Fig. 4 curves of the static characteristics 
are shown. 


1.3. Amplifications 


The amplifier circuit for this tube is shown 
in Fig.5. For the purpose of canceling the 
effects of the stray capacitances of the tube 
output, leads a low-pass filter circuit is con- 
nected at each line terminal. In this way 
matching of lines is accomplished. However 
the cutoff frequency of these low-pass filters 
limits the bandwidth of the amplifier. 

The measured amplification versus frequen- 
cy is plotted in Fig.6. The gain N is gener- 
ally flat in the amplification band and drops 
abruptly above 300 Mc/s. The voltage at the 
input and output is measured by crystal de- 
tectors connected to these terminals. 


2. Theory of Feedback-Type Distributed- 
Amplifier Tube 


An analysis of an amplifier tube which 
consists of a long straight cylindrical cathode 
surrounded concentrically by a helical grid 
and an outer helical anode was carried out 
by Lewis‘ from circuit theory. We can apply 
his theoretical results to our experimental 
tubes, but first we must find method of 
calculating the equivalent transmission circuit 
of our tubes. 

The general theory of amplification of the 
feedback amplifier, which is a simplified ver- 
sion of Lewis’ theory, will be described first. 
Then the method of computing the equivalent 
transmission constants from the physical di- 
mensions of the helical electrodes of the 
experimental tubes will be treated. 


2.1. Amplification Theory of Feedback- 
Type Distributed-Amplifier Tube 


Fig.7 shows the equivalent transmission 
line of this tube whose circuit constants will 


10 
8r 
ao 
— 
eas 
(= 
© 
ra) 
2 4-— t-——_t. 
= | =|) 
= | 
oe | 
al a Pca et, i © pa | 
| j | 40 
| 
° 50 100 150° 200 250! 300 350 


Frequency (Mc/s) 


Fig. 6—Gain of experimental tube. 
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Fig. 7—Equivalent transmission line. 
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be determined in the following paragraphs. 
The constants are as follows: 
La: Series self-inductance per unit axial 
length of anode line 


The equations for E,, I,, and J, take forms 
similar to Eq. (2). 
The solution of Eq. (2) is given by 


Ca: Shunt capacitance per unit axial length Bg Ciel 2. Coes l 124: Cyc stctaGyel sen G) 
of anode line 

Ly: Series self-inductance per unit axial where 
length of grid line 

C,: Shunt capacitance per unit axial length r eae + ,/A2—4B 
of grid line ol 2 

M: Series mutual inductance between the 
two helical lines A=o?Ly(Cyt+C)ot+?La(Cat+C) 

C: Shunt mutual capacitance between the 
two helical lines — 20° MC + joMgm 

gx: Mutual conductance per unit axial (4) 
laden B=(LalL,—M?) {o*C(Ca+C,) 


z: Distance along axial. 
The voltage-current equations of this trans- 
mission line are given by: 


+o4CuCy+Jo3Cgm. 


The four propagation constants give the 


d values of forward amplification wave, back- 
ag I okalatjoM, ward amplification wave, forward attenuation 
wave and backward attenuation wave respec- 
tively. 
— Ps jul jIy+ joMTn 
(1) 2.2. Equivalent Transmission Line 
a of the Feedback-Type Distri- 
aire =joCaka+joC(Ea— Ey) —gmEg buted-Amplifier Tube 
AE 2.2.1. Method of Computing Equivalent 
pe £ —jwC,E,+joC(E,— Ea) Circuit Constants 
Zz / 
We shall use here the same method of 
where 


computing the equivalent circuit constants 
that we used in the preceding paper for the 
non-feedback-type distributed amplifier tube.‘” 
However, since the present tube has a double- 
wound helix which was not employed in the 
tube described in the preceding paper, we 
must find a method suitable for such a 
double helix. 


E,: anode line voltage 
I,: anode line current 
E,: grid line voltage 
I,: grid line current. 


From Eqs. (1) we obtain the equation: 


aE First we shall review the method applied 
Ga 1 eb Cot ©) + tLe Ca + ©) in the preceding paper. In Fig. 8(a) an ex- 
ample of the grid helix is shown. Fig. 8 (b) 

LE . shows its equivalent circuit. The grid is 

—20°MC + joMgn} ig ela transformed into the circular cylindrical form 


shown in Fig.8(c). In this transformation 

the contour length and the distances between 

x {wtC(Ca t+ Cy) +0*CaCy + jo?C Gm} Ea=0. the helix and the internal conductor are un- 
(2) changed. The gap between the helix and 

the inner conductor is so small that the 


154 


characteristics of the helix will not be greatly 
changed by the above transformation. The 
currents on the helix travel on the short 
lines through the vacuum and the short lines 
along the ceramics in turn. Therefore, the 
equivalent circuit of the helix in Fig. 8 (c) 
will takes the form shown in Fig. 8 (e). Here 
L, and C, here are the series inductance and 
the shunt capacitance of the line through the 
vacuum, while Z. and C, are the series in- 
ductance and the shunt capacitance of the 
line along the caramics. These constants are 
computed from the results of calculations of 
the electromagnetic fields of the cylindrical 
helix in Fig. 8 (d). 

The composite inductance and capacitance 
of the equivalent line shown in Fig. 8 (b) 
are computed by proportional addition of the 


Inner conductors 


OTT 


wi 

eee 
Ceramics yecutn 
(a) 


@ 
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ee 
mies |) afi 


(b) 


\~ 


fon 


Inner conductor 


__— Vacuum 
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inductance and capacitance of the two lines 
above according to the ratio of their lengths 
measured along the contour. 

Therefore, 


fa pep 2 


= (cr hte lf 
(5) 
i; ii 
- 
Cat eee 


In the preceding paper the experiments on 
the non-feedback-type distributed amplifier 
tube demonstrated that the method of com- 
puting the equivalent circuit of the helix grid 
was valid. 


conductor 


1S 


(d) 


Fig. 8—Method of computing equivalent line. 
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2.2.2. Equivalent Line of the Double 
Helix 


Now we shall compute the constants of 
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Thes lengths 779 das Jj, andele im’ Fig, 9 (bp) 
are defined as follows: 


J : lac: Partial length of the anode helix 
the line applying the same computing method along ceramics 

described in the preceding paragraph to the lay: Partial length of the anode helix 
double helix of the present tubes. First the in vacuum 

double helix shown in Fig. 9 (a) is transformed lye: Partial length of the grid helix 
into the simplified form in Fig. 9 (b). along ceramics 

Table 2 
DIMENSIONS OF HELIXES 


Helix 1 


a 


oO 


Helix 2 Helix 


| 
; | 
Same as anode helix | 


Contours Loy tl 
av AC 


Same as anode helix, 


Same as grid helix, 
law t+ lae | 


lav + Ige 


PREIanEe hetwsen | Same as distance measured | 
through vacuum between 


two helixes | anode and grid. 


Distance between inner 
helix and inner con- 


Distance between ductor is same as the 


Cas es 


Same as distance measured Same as distance measured 
through ceramics between through ceramic between 


os Hagen Se eae anode helix and inner con- | grid helix and inner con- 
con | 
grid helix and inner | ductor _ ductor 
conductor. 
Inner Conductors 
Lav Lov ML 
Lge. Coe Cav CH C, pike 
(a) Fo! y K 
(é) = <\ : 
Helix Vacuum. Ceramics 
‘ay {9 BS 
ara aa — ae <Q . 
2 x LE > Ox 
4 CEES Tage Fi 
4 1 2 
L Ca 
Ceramics a, 
portions diuee Pe aul al: i i I 
a Oe Hoo fe —} vo wr 
(e) 
G uM G G M| =C 
=a 0 rif —pyq— be of 
i ee 2 | eee el I 
Ey. Ge, 


! 2 


Fig. 9—Equivalent line of experimental tube. 
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lw: Partial length of the grid helix in 
vacuum. 


Here we make the assumption that the 
inductive and capacitive coupling of the two 
helixes occurs in the portions of the helixes 
in vacuum and no coupling occurs in the 
portions of the helixes along the ceramics. 

Next we transform the double helix shown 
in Fig. 9 (b) into the three cylindrical helixes 
as shown in Fig. 9 (c). In this transformation 
only the center helix becomes a double helix, 
and the other two helixes are single Fig.9(b) 
shows that the center helix corresponds to 
the portions of the helixes in vacuum while 
the right and left signle helixes correspond 
to the portions of the grid and anode helixes 
along the ceramics. The contours and the 
distances between the two helixes or between 
the helixes and the inner conductors are de- 
termined by comparing them with those of 
the original helix of Fig.9(b) according to 
Table 2. 

The electromagnetic fields of the single or 
double cylindrical helix in Fig.9(c) can be 
solved and will be discussed in the succeeding 
paragraphs. Therefore we can compute the 
series inductances, the shunt capacitances, the 
mutual inductances, and the mutual capaci- 
tances of the equivalent transmission line 
shown in Fig.9(b) for each of the helixes in 
Fig. 9 (c). The inductance and the capacitance 
of the final composite equivalent line of the 
tubes shown in Fig.9(e) are calculated by 
proportional addition of the inductance and 
the capacitance obtained above according to 
the following relation: 


Ub; =a. —— Lay —— __ ¢ 
TS Ra ose y Rita ite 


Weg 1 " 
=————Cy + —*9 — c 
pi 5 a 
6) 
Megs 


lowtlae ” 
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where Lye~Cae have the meanings shown in 


Fig. 9 (d). 


2.2.3. Electromagnetic Field of the 
Double Helix 


In the preceding paragraph we deduced 
the method of computing the final equivalent 
line of our tube from the equivalent line 
constants of the three cyrindrical helixes 
shown in Fig.9(c). Now we have to find 
the equivalent lines of the three cylindrical 
helixes. In the preceding paper we obtained 
the method of computing the equivalent line 
of the single helix, so we need not discuss 
it in this paper. In this paper we shall only 
discuss the method of computing the equiva- 
of the double helix. 

The construction of the double helix is 
shown in Fig. 10. In our analysis we employ 
Pierce’s special thin cylinder‘? on which the 
current flows only in the direction of ¢ or ¢ 
pitch angle. 


Inner 
conductor 


Fig. 10—Construction of double helix. 


The electric and magnetic field in mediums 


1, 2, and 3 shown in Fig.10 are given as 
follows: 


Fo =f" {A'hGn-BIKi(7n)} 


Fy = —j = {ChiGr) —DKiG7n} 


FLO = Alyn) + BK (yr) 
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Ho ajh PLOnGN—D'K,GP} 
H®=j—“{ALGn-B Kn} 
AP =O hyn + D' Kor) 

FO =f" (AGN BK) 
FiO = — J ACHGN DK) 


F,© = AG) +B Kon) 7M 


HO =" (CHG) —DKGM) 


H,® Sie {ALG -BAiGny} 


HO=CI Gr) + DKoGr) 


FO = J" BK) 


F,®=j of DK) 
if 
F,® =BK\(7n) 


HO = — a DKGr) 


Heo = =F , eal —_ BRK (71) 
H.© =D*Ky (77) / 
where 


suffixes 7, 9, and z: radial, angular, and 
longitudinal coordi- 
nates 


Bp = We aL Bo” 
Po? =0%Eopt 


é) : dielectric constant of vacuum 


Ae 


Fels? 
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: permeability of vacuum 


constants. 


Here mediums 1, 2, and 3 are assumed to 
vacuum. The boundary conditions which must 
be satisfied are as follows: 


at 


at 


at 


v=a BO=F,}=0 


P= 


v=C 


E, cos $+. sin 6=0 


E,©=E, 
E,O=E,© 
H, cos ¢+H, sin ¢ (8) 


=H, cos ¢+H,™ sin 
E,® cos ¢+E,™ sin ¢=0 
E,®=E,® 


E,©=E,® 


H,® cos ¢+H,® sin =H, cos +H, sin ¢. 


(8) 


Substituting Eqs. (7) into Eqs. (8), we have 
the following relations between the constants. 


C= 


D= 


i 


2— 


— Awa) 


Al 


K,(ya) 


rtang Nh@7bh)KoG@ —lG@ Ko) 


Jott 


EG (7a) 


“LGD KGa —hgaKiqb) 


A} 


Koya) 


7 tan ¢@ Lob) KoG@) —Iy(ra) Ko(7b) © 


jom (7b) Kia) -ha) 7b) 
LGa Al 
Ky(ya) 
Ind A'+K B} 
Ib) + {I)(7b) ate (70) 
—K,(7b) B’} 
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B?=/* tan ¢ tan gh Al 
1 


pi=7’ tan ¢ tan ¢{h(7b) Koyo) 
—I)(7o)Ko(7b)} — Boe? {h(7b) Ki (yo) 
—N(7o) Ki(7b)} 


1 


nian. {hyo Ki (7b) 


pe 


Gb) K,Go)} « [tan* F 


x Ty) Ko G@ —hGa) Koo) 
L@b)Ki Ga) —hGa Bib) 


(ya) 
I, (7b) Koya) 


oye tion 
yr Kya) 


x {Ky(7b) + Ki7b)} J+ Unb) Kalra) 


—In(ya) Ko(7b)} + {tang Go 
07a) Ko(78)} Stang 1,(7b)Ko(ya) 


In (7b) Ko(ya) 


(ye) 
opal 
eam, ie —K, (7b) D'+ Ki (7b) D?} 


pra JecorbhGb) {1 Be 07@) _ 
tan ¢ | 7bIy(7b) 7Ko(ya) 


x {Ky(7b) + Ki (7b) } A! ai 
0 


y £0678) Ko Ga) — Iva) Ko(7b) 
1,(7b) Ki (ya) — I, (ya) Ki (7b) 


I,(ya) 
ee = 
I, (7b) Ky (ya) ai 


eel ; 
OS lee tee +Ko(yo) B?} 


1 
Bes ss : 2 
Dp Ge {Ki (ve) D?— I (ye) C*}. 


(9) 
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By putting Eqs, (9) into Eqs. (7) and employ- 
ing the condition in Eq. (8’), we can compute 
the phase constant /. 

Thus the electromagnetic fields of the 
double helix will be completely solved. How- 
ever as Eqs.(9) are too complicated, we 
simplify them by adopting the following ap- 
proximations. 

For large xz, we have 


Iy(x) PAE CH) Cr =e" 
(10) 


ISG AG GED, OF es ee, 
UE 


Using these formulas, we can rewrite Egs. 
(9) as follows: 


Be 1 26 Al 


TIOLo 
ee 
Ra Le (11) 
C 7 tan @ a 
JOLo 
D? rtan@ oo: 41 
TIM [Lo 


where we assumed that 


tan ¢=tan d 
(12) 
s=7a, n=y7b, C=re. 
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From the last relation of the boundary con- 


ditions (8’), we have 7, which degenerate in 
this case into 


yah 


Sere (13) 


In the general case when tan ¢-+tan«, we 
shall have two solutions for 7. 


2.2.4. Constants of the Equivalent 
Transmission Line of the 
Double Helix 


The equivalent voltage of the double helix 
is defined by the following equations: 
for inner helix 


r=b 
E=| FO dr (14) 


vT=a 


for outer helix 


ton +\"Rear (15) 
7=0 


The equivalent currents are determined as 
follows: 
for inner helix 


B=p A —A™) rao (16) 
for outer helix 


GH OE >... (17) 


From Eqs. (7) and (11) we have the follow- 
ing values of voltage and current: 


tan’?¢ _e? 


(erm AL CS) 
Bo eS i : 


E, = ae 
__,Atan’¢ ef (12-2) A! (19) 
E,= J Bo? / 2nb ) 


I,=0 (20) 


tang fs QL) 
s Jol None 
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For our experimental tubes, tan¢ is smal 
and we obtained the following relations. 


Bart pi=( Pte? 


tan @ 
(22) 
Bo 
tan @ 


Le ee 
Sg reprint 


Fig. 11—Equivalent line of double helix. 


Now, we can synthesize an equivalent line 
on which the voltage, the current, and the 
propagation constant are the same as those 
of the double helix presented in Eqs. (18)- 
(22). If the equivalent line is of the type 
presented in Fig. 11, then the voltage and 
current of the line may be expressed by the 
following equations. 


= dE =foOLawlan +joMolyw 
dz 
= Gir =JoOL lost joMalay, 
az 
(23) 
pS dln g jon me v +joC» ( Ea er Ew) 
dz 
= yy =O Cail Bey +JoCy (Eq —Eav) 
dz 
where 


Ew»: voltage of the anode line 
Ew: voltage of the grid line 
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In» . current of the anode line 
Ty: current of the grid line. 


The phase constant of this equivalent line is 
calculated as follows: 


Dynal Ant VAE—4Bo_ 
2 
where 
As=@' Lo Cot Co) (24) 


a w Lav ( Ca» =e Cy se 20°M,C, 
1555 = Copies =a M,”) 


x oaGncGan ale Cyv) =e ow CavCgv. 


Using the additional relation that Car<«C,, Cy, 
we can determine the line constants Lu», Cav, 
Ly, My, and C, by relating the voltage and 
current of the line to the equivalent voltage 
and current of the helix: 


Bav=E, a — ee Nth. ly=Thy. tr = Bi 


Thus, we obtain the constants of the equi- 
valent line of the passive double helix shown 
in Fig. 9 (d), which are as follows: 


28°C 
C0 

Ho 1 e776 2€-2y 
Lg 2B? Pg i. (l—e ) 
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i Ho® paereee— yf 6 req —eteomny 
Wi 
(26) 


These values of inductance and capacitance 
vary with frequency. Frequency dependence 
is, however, practically negligible. 


2.2.5. Constants of Equivalent Single- 
Helix Transmission Line 


The method of computing the equivalent 
line constants of the single helix was described 
in the preceding paper, and the results calcu- 
lated are as follows: 


jie way, 
@M 
(27) 
Bees 
i w Live 
Zig — oto! __| FR!) 


PB. tan d- i K,(Bca’) 
x {I,(8-b’) Ky (8a) —I,(8-a’) K,(B-b’)} (28) 
where 


L.: series inductance of equivalent line 

C.: shunt capacitance of equivalent line 

Ze: characteristic impedance of single 
helix 

a’: radius of inner conductor 

b’: radius of helix 

@: pitch angle of helix. 


The phase constant £ is given by the 
following equation: 


1y(Beb") Ki (Bea’) +I, (Bea") Ko( Bed’) Ko(fb") 
—_o*totty In Bea’) Ky (Bob!) — Ty (Bob) Ky (Bea) _Ki(B.b!)_ 
Be tan? ge ~ 4 Ii(Beb’)Ko(Bea’) + In( Bea") Ki(8eb!)_-K,(ab') 29) 


lo(Bea’) Ko(Beb") — In(Beb')Ko(Bea’)  Ky(B.b") 


” 
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where ¢*: dielectric constant of ceramics. 


Applying the above computing method to the 
helixes shown in Fig.9(c) 2 and 3, we can 
compute the equivalent line constants Lac, C 
Lge, and C,, of Fig. 9 (d) 2 and 3. 


acs 


2.2.6. Composite Line 


The composite line constants of Fig. 9 (e) 
can be computed from Eqs. (6), substituting 
the calculated values of Lac, Cac, Lye, Cyc, and 
the constants given in Eqs. (26). 


3. Analysis of Experimental Results 


In this section we analyze the measured 
characteristics of the experimental tubes, using 
the theory described in the preceding section. 


3.1. Equivalent Line Constants 


We compute first the equivalent line con- 
stants of the double helix shown in Fig. 9 
(c)1. The dimensions of the double helix 
are as follows; 

a=4.3 mm, 


b—=4 44mm, co. 5 mm 


tan ¢6=tan ¢=1.42x10° 


where a, b, and c have the meanings shown 
in Fig.10. We calculate the line constants 
at 300 Mc and hereafter we shall neglect their 
frequency dependence. 


Lav=8. 33X10-* H/m 
Cros=0 
Ly=6.72X10-> H/m 


Cre 82) 107" F/m 
VG=6,1/2x%10°° H/m 
C(O F/m. 
The equivalent line constants of helixes ot 
the type shown in Fig.9(c)2 and 3 with 


the following dimensions are computed. 
The dimensions of the helixes are: 
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radius of inner radius of 
conductor helix 
anode 4.67 mm 5.5 mim 
grid 2.86 mm 3.36 mm 
The constants are 
dac=8. 93100) Ha 


Cac=1.44X102 F/m 

Lee=1.08 K104> yim 

C= 12710 ye 
The composite line constants in Fig. 9 (e) or 
Fig. 7 are computed from Eqs. (6). The con- 


tour lengths of the helix of the experimental 
tubes are: 


eg =O 3 mm, hiw=N 68 mm 


inten 0) savin (eo 18s, Wsesuedy 


Therefore the line constants are as follows: 


aoe 10s ae Fem 
Ca= 250 10m? BER ay 
[ges SO lal naa 
C03 VO aeeny cat 
Wi=5, ZS? Islan 
CHANGE 105 mu: 
The mutual conductance per unit axial length 


is computed from the static characteristics of 
the experimental tube. 


One 33 O/m. 
3.2. Propagation Constants 


The propagation constants, which can be 
computed from Eq. (4), are presented in Fig. 
12. The attenuation constants and the phase 
constants in the figure have the following re- 
lation with the propagation constants. 


y=a,+ 3981 \ 
( (30) 
P3=02+Jf2. ) 
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10 


a : 4x 
10 ZY 30) BO) WO KOO 200 300 5007001000 


Frequency (Mc/s) 


Fig. 12—Propagation constants. 


In Fig. 12, /’, represents the attenuation wave, 
while /’, represents the amplification wave. 

We suspect the calculated results in Fig. 
12 contain some error in the low frequency 
region because we have adopted the appro- 
ximation of Eq. (10). However the fit of the 
experimental data with the calculated curves 
seemes to be quite good. 


3.3. Impedance Matching 


We have four modes of wave traveling on 


_ (o*Ly(Cy+C)—wMC+ joMgn +l, 
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the helical lines of the tube. 
(31) 


E=myel e+ mye 12+ mys! 2 + Mays 122 


E: voltage or current on the line 
My, Mz, M3. M4: Constants. 


where 


In order to obtain the correct solution of the 
voltage and current, we must solve the four 
equations of the voltage and current on the 
anode and grid lines under the following 
boundary conditions: 


at 0 EE 
A hi 
r (32) 
at. Z=/ jh fe | 
Eg Zale 
where 
Ey: input voltage of grid line 


Z,, grid line termination impedance 
: anode line termination impedance. 


After this calculation is performed, the opti- 
mum termination impedance can be deter- 
mined. As the above calculation is, however, 
too complicated, we may neglect the attenu- 
ating wave for simplication. 
We have for the forward amplifying wave 
on the grid line 
hae. (33) 
By employing this equation we can derive 


the other values of voltage and current from 
Eqs. (1). 


ON Dee = eC Oy) 


J, = PLM Cat ©) + Lalo C+ ©) —MCLa+Ly)} +joMLagm +P 2L 


2} E, 


jo(LaL,—M?) {LgC—M(C,+C)} 


Ja PML CoC) + La(Co+C)} ~CLaLy + M2) +j0M%Gn +P 2M 


a iy (34) 


jo® M2 —LL,) {Lj;C—M(C,+0)} 


Lg. 
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The matching impedance of the anode and where Roa 


oe fe Ne VANOGE Sana where Rig: Xo, are the real and imaginar 
the grid lines is calculated as follows: . a _ 


parts of impedances Z, and Z,. Fig. 13 
shows Roa-:+++Xo. As the values of imaginary 
Ep Oe Sp Oe parts Xoa and Xw diminish, those of Z,_ and 

F Zo, become real in the high frequency region. 


6 (35) The experimentally determined values of the 
Zu= 7 =Ratixe matching resistances are shown in the figure. 
q 
3.4. Gain 
The voltage gain of this tube N can be 
Experimental) | 300 computed from the following equation. 
| C2 emes 200 
L4H a, | é N= fost 2s (36) 
SS ae al LtHi00 8 Fqjz=0 Ey 
tedd +t | : : 
edt ip S 
4 eal where 
oe (aan ios 50 
iF Xoa 7 it . . . 
| 30 E,,z<0: grid line voltage at z=0 (input 
4. voltage) 
t {20 sere) 
E,,=1: grid line voltage at z=/ 
| it E, : anode line voltage 
10 20 30 50 70100 200 300 500 700 1000 E, : grid line voltage. 


Frequency (Mc/s) 
The ratio of the anode line voltage to the 
Fig. 13 (a)—Matching impedance grid line voltage F./E, is kept constant 
of anode line, Zoa. throughout the line and it can be calculated 
from Eq. (34) as follows: 


Ea wL g( Cy tC) —o?®MC+joMgn+l : 


“Tse gaat ees ee a ee so ES w?{LyC—-M(C.+©)} 
aes a 
SRG Sie Diie ae ee 500 3 Ea 
mares og | =RA *\ + ila = = (37) 
Calculated IML | 111399 E, 
" ia 
mle Lk al 200 © where 
Frog Experimental = 
cS 
eee ape & R.(E,/E,): real part of Eu/E, 
E i = : : rH 70 0 Im(Eu/Eq): imaginary part of E./E,. 
& eS i { {Tt 50 : 
aa pie ial pad ee a The calculated results of the above equation 
=} ——- sae 30 are shown in Fig. 14. 
io Sema Saeed? bt 99 The value of Ey,221/E,z=) can be easily com- 
| puted from the following equation. 
| U10 
10 20 30 50 70100 200 300 5007001000 Ene=t__ jal (38) 
Frequency (Mc/s) Ey2=0 
Fig. 13 (b)—Matching impedance By substituting the value of @ in Fig. 12 


of grid line, Zov. and the value J=30 mm, we have 
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Frequency (Mc/s) 


Fig. 14—Ratio of anode voltage to grid voltage. 


pe 11.0 


9»2=0 


Now we can compute the theoretical value 
of the gain according to Eq.(36). For ex- 
ample, at 300 Mc/s 


INES NO: 
On the other, the experimental value of gain 
is about 2.5. The difference may be due to 
the fact that we have neglected the line loss 
in the theoretical calculation. 


Conclusion 


The anode and the grid of our experimental 
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feedback-type distributed-amplifier tube com- 
posed a double helical line, and the measured 
value of its amplification band is from zero 
to 300 Mc/s. In this paper theoretical con- 
siderations on the operation of the tube and 
on the characteristics of the double helix 
have been carried out. 

Therefore, it can be concluded that ampli- 
fication frequency band of the present tube 
has been greatly extended in comparison to 
that of the former tube.‘” 

Here the author wishes to point out that 
the frequency limit of the amplification band 
of the experimental tube was due to the 
cutoff frequency of the output termination 
networks. 
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ODE, avail, sist, AVAL, 1133 


Recent Development of Quartz Crystal 
Units for Telecommunication* 


Kiyoshi TAKAHARAt 


A new method and equipments devised for manufacture of 1-1,000 kc crystal units, 
analytical studies on the effects of evaporated metal films on the characteristics of the cry- 
stal resonator vibrating in the contour modes, development of crystal units in the frequen- 
cy range 10-100 Mc, a new device for adjusting the load capacitance of crystal oscillators 
to a specified value and its application to some kinds of crystal oscillators, and develop- 
ment of a small and precise constant temperature oven for crystal units are described in 


this paper. 


1. Introduction 


Quartz crystal units have widely been used 
for the generation of stable frequency. Today, 
no communication system can exist without 
a master oscillator, in which a quartz crystal 
unit is the key component. 

In recognition of this vital importance of 
quartz crystal units in present and future 
long-distance multi-channel communication 
systems, the Electrical Communication Labora- 
tory has carried out a large-scale program of 
research and development of quartz crystal 
units for the past ten years. 

This paper, which presents some results of 
this work, covers: 

(1) High-stability crystal units whose quali- 
ty factor, Q, is larger than two million at 
room temperature. 

(2) Development of overtone crystal units 
in the frequency range of 10~100 Mc. 


* Ms in Japanese received by the Electrical Communi- 
cation Laboratory on 8 January, 1959. Originally 
published in the Kenkyd Zituydka Hokoku (Electrical 
Communication Laboratory Technical Journal), Vol. 
8, No. 2, pp. 123-201, 1959. 

Circuit Components Research Section. 


+ 


(3) A new device for adjusting the load 
capacitance of crystal oscillators. 

(4) Development of a small constant-tem- 
perature oven for crystal units. 


2. Improvement of the Characteristics 
of Low-Frequency Crystal Units 


2.1. General 


In order to produce high-stability crystal 
units in the 1kc~1,000 ke frequency range, 
it is very important that both stability and 
vibration loss be studied in order to determine 
the most favorable design procedures. This 
section treats the experimental studies carried 
out for this purpose. 


2.2. Htching 


Etching after the final lapping of the 
crystal plates was found to be very effective 
for reducing vibration loss and for improving 
the drive level characteristics of the crystal 
units. The etch consisted of a saturated water 
solution of ammonium bifluoride at 24°C. 

Table 1 illustrates the effect of etching on 
some typical samples. The crystal plates are 
200 kc, CT-cut square plates 1 mm thick. 
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Table 1 


IMPROVEMENT OF SERIES RESISTANCE R, BY ETCHING 
(R; BEING MEASURED IN THE ATMOSPHERE) 


a Etching Time Before Etching iL lave 2 hrs. iso 3 hrs. 4 hrs. 5 hrs, | -vehss: 
Sample Number Feared = = = be i | —— 
1 1050 Q 860 OQ 850 QO, | 870 Q | =a 850 Q a 
| | 
ae —— | —_— —___———. -— — _ / 
2 1050 Q 850 | 8400 | 8400 | == 830 2 fas 
3 1050 Q 840 O 88 Q | — | 8100 | a 820 Q 
| a cae aes 
Before being etched, they were lapped with am | 
AO-emery No. 304, and after each etching | 
period, all plates were mounted in the same 1400 yj | 
manner. Series resistance R, and series re- 1300 4 
sonance frequency were measured in the aCe 
atmosphere. 5 
As will be shown later, the effect of etch- iLO 
ing is more noticeable when the crystal units 1000 
are sealed in a vacuum. Namely, in the case Son 
of evacuated crystal units, Q becomes ten or pies b a| | 
more times as large after etching. Cea 9 as 3 2 


Fig. 1 illusirates the improvement of drive 
level characteristics of the crystal plates 
tabulated in Table 1. As may be seen from 
the figure, the frequency and resistance of 
crystal units which have been etched are sub- 
stantially constant for drive levels up 
5 mA. 


Theretore, all plates were etched for about 
one hour at 24°C. 


to 


2.3. Mounting Processes and their Effects 


on the Characteristics of the Crysial 
Units 


2.3.1. General 

Among the several methods for the mount- 
ing of resonators vibrating in the contour 
modes, wire mounting», as schematically 
shown in Fig. 2, was found to be the most 
suitable.” In the course of the manufactur- 
ing process, however, there are many factors 
which produce important effects on the charac- 
teristics of the crystal units. The following 


+10 = es es = | ] mile 
eS ee level (mA) | D 8 
Ise 00 
SOs 6 
ne i | i he | i 
2 y once ee eae 
S 
§ —20-—4 T 
iS = 2 
‘oO 
= 
S —40 

50 = = % : 


Drive Level (mA) 
(a) Change of series resistance R, 


(b) Frequency change 


: Before etching, 

: After etching for 1 hr., 
: After etching for 5 hrs. 
: After etching for 7 hrs. 


DoOwWp 


Fig. 1—Improvement of drive level character- 
istics by etching (the crystal plates 
are 200 kc, CT-cut plates 1 mm thick). 
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Metal film 


Pillar 
Solder ball 


- Solder cone 


Mica plate 


Silver spot 


Fig. 2—Wire mounting. 


(A): Eye piece with precise gauge attached, 
(B): Objective, (C): Revolver, 
(D): Spotting mandrel, (E): Crystal plate, 
(F): Precise vice, (G): Knob for moving 
the base precisely, (H): Base. 


Fig. 3—Apparatus used for the application 
of silver paste to the center of the 
crystal plate. 


) 


Diameter 1.2mm) 


=> 


1, 200 
ic) 
a t,000 
ps 
bo 
=) 
2 
o 800 (Diameter 0.92mm)——] 
2 
S —— = 
a. 

600 r 0.8mm) 
72mm )| | 4 


(Diameter 0.6mm) 
OP 0.4 0.6 0.8 1.0 12 


Area of the silver spot (mm2) 


Fig. 4—Bond strength between silver spot 
and crystal plate. 
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are among the most important. 
2.3.2. Silver Spotting 


In the author’s device, silver paste is appli- 
ed to the crystal plate so that the center of 
the silver spot coincides with the node of 
vibration as accurately as possible, in order 
to obtain an accurate attachment for the 
support wire in the soldering stage which 
follows. 

The apparatus used for the application of 
the silver paste to the center of the crystal 
plate is shown in Fig. 3. This apparatus chief- 
ly consists of a microscope, with a precise 
gauge and a vice attached to it. By using 
this apparatus, the silver paste can be appli- 
ed with an accuracy of 5/100 mm or better. 

Fig. 4 illustrates the bond strength between 
the silver spot and the crystal plate, while 
Fig.5 shows the effects of an increase in the 
area of the silver spot on the drive level 
characteristics of the crystal units. These ex- 
periments suggest that the area of the silver 
spot should be made as small as possible, so 
long as the mechanical robustness of the 
crystal unit is not sacrificed. 


2.3.3. Soldering 


The equipment used for soldering the 
support wires to the center of the silver spot 
is shown in Fig. 6. Soldering is carried out 
with hot air whose temperature is 250~280°C 
and whose flow rate is about 5/ per minute. 

Some experimental results, illustrative of 
the change of characteristics of the crystal 
units caused by change of the amount of 
solder (from 0.05 mg to 2.1 mg), are shown 
in Figs.7 to 9. In these experiments, the 
amount of solder on the same crystal plate 
was changed. 

Fig. 7 illustrates the temperature character- 
istics of series resistance R,, and Fig. 8 illus- 
trates the drive level characteristics. In Fig. 
9 (a), the frequency-temperature characteristics 
of the two crystal units are compared, and 
in Fig. 9 (b), the difference between the two 
curves is illustrated in order to represent the 
effect produced by the increase of solder. 
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Frequency Change (10-°) 
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(a) Frequency change 
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Temperature (°C) 
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Fig. 7—Change of temperature characteristics 
30 Fae i i R d b 
of series resistance 1 cause y 
Diameter 1.5mm change of the amount of solder for a 
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200 ke CT-cut crystal plate 0.75mm 


Dal es thick. 
a al D 0.8 mm 


iamter 


0 05 150 2.0 3.0 4.0 


ive Level : 
Drive Level (mA) +2.0 Drive Level (mA) | 
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(b) Change of series resistance A, 


F.g.5—Effects of an increase in the area of 
the silver spot on the drive level 
characteristics of the crystal units 
(crystal plate is 200 kc CT-cut plate 
0.8 mm thick). 


Amount - of 


solder: 2.1mg 


Frequency Change (10~ ©) 


(a) Frequency. change 


100 
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c 
40 ai | 
20 
0 
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Drive Level (mA) 
(b) Change of series resistance Ry 
A: Soldering Machine, 
B: Constant air flow generator, Fig. 8—Chage of drive level characteristics of 
C: Furnace for making hot air, crystal it d by th 
see y units caused by the change of 
amount of solder (for a 200 kc CT-cut 
Fig. 6—Equipment used for soldering support crystal plate 0.75 mm thick). 


wire to the silver spot. 
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(b) Difference between the two frequency-temperature 
characteristics representing the effect of 
increase Of amount of solder(O O5mg—2.1mg) 


Fig. 9—Change of frequency-temperature characteristics caused by increase of 
amount of solder for a 200 kc CT-cut crystal plate 0.75 mm thick. 


A: Support wire, B: Attachment point. 
C: Crystal plate. 


Fig. 10--A headed wire attached to crystal 
plate. 
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From these experiments, it is apparent that 
the amount of solder should be as small as 
possible so long as the bond strength between 
the support wire and the crystal plate is 
satisfactory. 

As shown in Fig. 10, a wire with an upset 
head (called headed wire) enables us to attach 
the support wires to the crystal plate with 
the extremely small amount of solder of 
about 0.03~0.05 mg without sacrificing the 
strength of the bond between them. 


2.3.4. Accuracy of Attachment of the 
Support Wire 


Some examples representing the accuracy 
of attachment of the support wire in crystal 
units actually manufactured are shown in 
Fig.11. In this figure, the deviation of the 
attached points from the desired points are 
plotted for nine crystal units. The figure 
shows that most of the support wires have 
been attached to the desired point with an 
error of less than 0.1 mm. 

Some experimental results representing the 


Fig. 11—Some examples representing the deyi- 
ation of the attachment points from 
the desired points (0.15 mm phosphor- 
bronze support wires). 
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relations between the accuracy of attachment 
of support wires and the characteristics of 
the crystal units are shown in Fig.12. In 
this experiment, a wire was attached to the 
center of the plate as accurately as possible 
on one of the major surfaces of each crystal, 
and on the other, the attachment point was 
either 0.5mm, 0.25 mm, or less than 0.1 mm 
from the center of the plate. Then, the 
temperature characteristics of series resistance 
R, of these crystal units were measured in 
vacuum. Fig. 12 shows that when high quality 
crystal units must be made, support wires 
must be attached to the nodal point as accu- 
rately as possible. 


2.3.5. Electrode Plating 


The metal film electrodes were deposited 
by evaporation. In crystal resonators vibrat- 
ing in the contour modes, the metal film pro- 
duces considerable effects on both the fre- 
quency and vibration loss characteristics of 
the crystal units, which makes it necessary 
to evaluate these effects precisely. Some 
analytical studies on this subject will be ex- 
plained in Section 3. 


2.3.6. Effects of Vibration of the 
Support Wires 


The experimental device used for detecting 
the effects of vibration of support wires on 
the characteristics of the crystal units is illus- 
trated in Fig. 13. In this experiment, one of 
the support wires was fixed to the frame at 
the proper length, while on the other a V- 
shaped wire with one-gm weights attached 
to each end was hung in such manner that 
the length 7 shown in Fig. 13 could be accu- 
rately changed. The crystal unit was con- 
nected to a CI meter, and frequency and 
activity were measured in the atmosphere. 

Fig. 14(a) and (b) illustrate the relations 
between the characteristics of the crystal 
units and the length of the support wires: 
In Fig. 14 (a), the wires are attached to the 
nodes on both the major surfaces; in Fig. 14 
(b) one of the wires is attached to the node 
and the other to the point 0.5mm from the 
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Support wires attached 

to the center of the crystal 
——_O—— plate as accurately as 

possible on both the 

sides of the plate. 


—---O---= Attached point departed from the 
center of the crystal plate by 0.25 mm on one side. 


Attached point departed from the 
~~ center of the crystal plate by 0.5mm on one side. 


700 Q over 


300 


250 


200 


R\ (9) 
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100 


50 


Om 30 40 50 60 70 80 90 
Temperature (°C ) 


Fig. 12—Relations between the accuracy of attachment of support wires and 
the temperature characteristics of series resistance FR; for 300 kc, 
crystal plates with 1.0mm thick. The 0.15 mm phosphor-bronze sup- 
port wires (headed wires) were used. 
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Support wire 


Fig. 13—Experimental device for detecting 
the effects of the vibration of sup- 
port wires on the characteristics 
of the crystal units. 
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(b) One of the Support. wires was attached 
to the node, while the other to the point 
departing from the node by 0.5mm. — 


Fig. 14—Relation between the characteristics of 


: the crystal unit d th 
wire for 300 ke, CT-cut, 10mm thick its and the length of support 


crystal plate measured in the atmosphere. 
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node. 

From these experiments and from some 
other experiments, the following are con- 
cluded: 

(a) The effects of the vibration of support 
wires on the characteristics of the crystal 
units are closely related to the accuracy of 
attachment of the support wires and the dia- 
meters of the wires. This suggests that the 
wires should be attached to the nodes as 
accurately as possible, and the diameters of 
the wires should be made as small as_ possi- 
ble; so long as the mechanical robustness of 
the crystal unit is satisfactory. 

(b) The support wires should be fixed to 
the frame at the points where activity is 
maximum and frequency change is minimum. 


2.3.7. Vacuum Sealing 


Usually, when crystal resonators vibrating 
in the contour modes are sealed in a vacuum, 
their frequency increases slightly, while vi- 
bration loss decreases. As illustrated in Table 
2, the decrease in vibration loss depends a 
great deal on the treatment of the crystal 
plate and the mounting features of the crystal 
units—amount of solder, thickness of the 
metal film, diameter of the support wire, 
etc.—and in a suitably manufactured crystal 
unit the improvement of Q due to sealing in 
a vacuum reaches thirty or more times. 

As a result of experiments for examining 
the relations between the characteristics of 
the crystal units and the vacuum, it was 
clarified that when the vacuum exceeds 1X 
10°! mm Hg, the frequency and the vibration 
loss are scarcely changed by increase of the 
vacuum; therefore we used a vacuum of 
about 1X10°? mm Hg for all crystal units. 


2.4. Some Features of the Crystal Units 
The crystal units manufactured by the 
processes illustrated above proved to have 
very high Q and excellent reproducibility. 
Fig. 15 illustrates Q and R, of three Cor: 
cut crystal units manufactured under the 
same conditions. As shown in this figure, 
values of Q as large as two million or better 


Q(10*) 
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—~— Crystal No.1 
| -—_ Crystal No.2 
S=8SSeI Crystal No.3 


Temperature (°C) 


Fig. 15—@ and series resistance R, of 150 kc, 
CT-cut crystal units. 


Crystal | Thickness of the Bad: 
number | crystal plate inductance’ 
£, (H) 
No. 1 0.96 39 3 
120 ame 
1d. —==-—— Crystal Now 
100 
80 
nw 
60 
50 
al 40 
30 6 
20} ate 205 = 
10 
ia mae 
°6 20 40 60 80 100 


Temperature (°C) 


Fig. 16—Q and R; of two crystal units 
differing from each other in 
crystal plate thickness but the 
otherwise the same (crystal 
plates are —18.5°C X-cut, 25.0 
mm long and 12.5mm wide). 
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Table 


EFFECTS OF VACUUM SEALING ON THE 


$$$ 


eS Se 


Mounting Features "ee 
Frequency Mode of @rentation | Fe ee | Etching Dice of the | ae Elec- 
(ke) Vibration Plate | | ae | Baldor) Prats 
8 aan X-cut iG F Not ae | 0.15 x Silver 
j 100 Face Shear | DT-cut 0. a a 0.15 0. 05 | Silver 
200 Face Shear | ae | 0.8 eo 0: 15 0. 05 | Silver 
200 | Face — ae a ‘ 75 : Done 0.15 DS | Silver 
200 Face Shear | CT-cut 0.8 Done (Oyeills: 0.05 Silver 
450 Face Shear CT-cut a 0. , Done is 15 x35 Silver 


il iMiesotrenients were held at 20~30°. 


are attainable at room temperature. Fig. 16 
shows Q and R,; of two crystal units manu- 
factured under the same conditions and differ- 
ing from each other only in the thickness of 
the crystal plate. In this figure, R, of the 
two crystal units coincide with each other at 
all temperatures, but since the equivalent in- 
ductance of the crystal unit is proportional 
to the thickness of the crystal plate, the Q 
of the units is proportional to the thickness. 

These experiments suggest that the vi- 
bration loss of crystal units of the contour 
mode is chiefly determined by that of the 
materials attached to the crystal plate in the 
course of mounting, and that the vibration 
loss of the crystal plates themselves has little 
effect on the vibration loss of the crystal 
units. 

Fig.17 shows some experimental results 
representing the long-term frequency drift of 
crystal units. This figure suggests that after 
one-half year’s operation of crystal units, 
their frequency drift becomes smaller than 
5X10°* per one-half year. 

Fig. 18 illustrates the characteristics of a 
very narrow band crystal filter in which high 
stable crystal units with very high Q are 


2. * shows that no measurement was held. 


employed. 
2.5. Summary 


This section has treated some experimental 
work carried out for the improvement of the 
characteristics of crystal resonators vibrating 
in the contour modes. 

The results can be summarized as follows: 

(1) Etching the crystal plate improves Q 
and drive level characteristics of the crystal 
units. 

(2) The equipments devised for mounting 
the crystal resonator are illustrated. 

(3) The effect of each mounting process 
on the characteristics of the crystal units is 
shown in detail. 

(4) The excellent characteristics of the 
crystal units obtained as the result of this 
work are briefly described. 


3. Effects of Evaporated Metal Films on 
the Characteristics of Crystal Resona- 
tors Vibrating in the Contour Modes 


3.1. General 


In designing and fabricating low frequency 
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CHARACTERISTICS OF THE CRYSTAL UNITS 


SS SEE ee ee ee ee ee eee 


; In Atmosphere In Vacuum (Vacuum Degree: about 1107? mmHg) 
trode | oA fp : ays ae ) In. 
requency Change Ratio of Q In- 
Sa Ri) Gooey) RoCQ) Q(10°) Weiebee it Atmosp- | vacuum and in 
Thick | | 
ickness (jy) | here Atmosphere 
* | 16.4108 | 19.2) 2.3 x 108 137 +191 Tea 
0. 07 | 740 42.1 24 | 1, 300 | +9.7 | 30.9 
0. 06 660 35.8 9 2, 600 +24.6 2.0 
= ps | r 
0. 06 560 39,5 63 351 | x 8.9 
= <= % —- = re | 
ba 740 31.5 | 106 200 | * | 7.4 
0. 21 | 760 Bon 4 250 | 79.7 | ** . 3.0 


in length and 50 mm in width. 


B) Dimensica of 8 ke crystal plate : 60 mm 


800 


es ee 9 cot Fo0> Le ) Pome co 0 sea eee oe eae 
a a — SOW oe oh POO raed we Ae om i 8 Se 
a sa MIO OEE of 9 0 EEE Om man 
‘o) xe OP? Ow Fade 
co 500 re ~ Pet Sorte” 
0 roca OE “Prot og 
5 eee F 
5 400 wee 
> « 
e wee Crystal frequency : 128 kc 
= 300 ee Quality of the crystal units 
& a Suh 1R 220 103 yal Cae onl 
200-- ,F OnO *) 95052102 Ce ae 
= Q:1,090x10?, T.c, : -5x1078 
100. 
°3 100 200 300. 400 500 600 
Days 


Fig. 17—Long-term frequency drift of crystal units. 
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Insertion Loss (dB) 


m0 — 100 150) 0 50 100 150 
Deviation from the Center Frequency (c/s) 


Fig. 18—Very narrow band crystal filter with 
crystal units of very high quality 
(center frequency: 200 kc). 


crystal units, it is most important to evaluate 
the effects of the metal film deposited on the 
Major surfaces of the crystal plates as 
electrodes on the characteristics of the crystal 
units; especially on the vibration loss and 
resonant frequency. 

As already described in the preceding 
section, the author has succeeded in manu- 
facturing very high Q crystal units with suf- 
ficient reproducibility. This enabled us to 
experimentally separate the vibration loss of 
the metal film from the loss of other parts 
of the crystal units.*? Moreover, the experi- 
ment in which the metal films are partially 
deposited on various parts of the major  sur- 
faces of the crystal plates enabled the author 
to measure the effective elastic constants of 
the evaporated metal film. This enabled us 
to calculate theoretically the frequency change 
caused by the deposition of the metal film. 

In this section, the frequency change and 
the increase of vibration loss of the crystal 
units caused by the deposition of the metal 
film are theoretically calculated on the crystal 
vibrator in fundamental longitudinal mode. 
And then it is shown that the results of all 
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the experiments on fundamental longitudinal 
crystals agree well with the theory. Further- 
more, some experimental results on face shear 
crystals are given which show that the theo- 
retical considerations described in this section 
are applicable to all the crystal resonators 
vibrating in the contour modes. 

In these experiments, the thickness of the 
metal film was chosen in such a way that 
the electrical resistance of the film can be 
ignored. 


3.2. Effects of the Evaporated Metal 
Film on the Characteristics of the 
Fundamental Longitudinal Crystals- 
Theory 


3.2.1. General 


We now consider the properties of the 
evaporated metal film in crystal units, such 
as those illustrated in Fig. 19, in which the 
crystal vibrates in the direction of Y’—axis in 
the fundamental longitudinal mode. 


x Ves 


: d/2 
ot) 
do 
y" 
a d/2 
Fig. 19—Shape and dimensions of crystal plate 
vibrating in the fundamental longitudi- 


nal mode (the shaded area represents 
the metal-film electrode). 


Before making the calculations, the follow- 
ing two assumptions are made: 

(1) The distribution of strain throughout 
the crystal plate is not affected by the depo- 
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sition of the metal film. The distribution of 
strain of the metal film is the same as that 
of the crystal plate. Therefore, in the crystal 
reasonator vibrating in the fundamental longi- 
tudinal mode, the distribution of strain S of 
both the crystal plate and the metal film is 
represented by the following equation. 


S=A sin ies) y’ COS wot als) 


where A=The amplitude of vibration 
@)=2zx times the resonant frequency. 
(2) The property of the internal vibration 
loss of the metal film can be expressed by 
Voigi’s model. In other words, the relations 
between stress 7 and strain S are represent- 
ed by the following equation. 


T=ES=E14+j6)S (2) 


where E : Complex elastic modulus 
E: Real part of E 
6: Ratio of the imaginary part to the 
real part of the complex elastic 
modulus. 


3.2.2. Frequency Change 

From assumption (1), the change of re- 
sonant frequency Af/f caused by the deposit- 
ion of the metal film is” 


Af ae ns 4 Wes Eo Ex 
if os 2, W;. Wo a 
where W,—Kinetic energy of the crystal 


plate 
4W,=Kinetic energy of the metal film 
W,=Strain energy of the crystal plate 
4W,=Strain energy of the metal film. 


In the crystal unit illustrated in Fig. 19, 


AW pw -d ~ 2 
Wi Po Wo dy = ea) 


(4) 


4Wrp_-Mw d 20 
Wp My wo d = oe 


where ): Density of the crystal plate 


177, 


o: Density of the metal film 
M,: Young’s modulus of the crystal 
plate along the Y’axis 


M: Young’s modulus of the metal 
film 
$1(@) = cos? ada 
(5) 
©2(a) =| sin? adu yy 
Q@ Io 


and f, means that integrations are to be 
carried out along the Y’axis over the range 
where the metal film is deposited. From 
equations (3) and (4), the frequency change 
becomes 


A il d M 
Pane eG Ee oto} © 


Therefore, at the angle a at which the 


following relation is satisfied: 
Ti emecos acm 
M) - Po sin? XH : 


©) 


the change of the resonant frequency caused 
by the deposition of the metal film becomes 
zero. Therefore, when a is measured by ex- 
periment, Young’s modulus of the metal film 
can be calculated from equation (7). 
In the case of the fully plated electrode, 
Af/f is obtained by 
sal Leo Bec 5 
of 2 do 0 | 


COS? &% 
sin? a 


(8) 


3.2.3. Vibration Loss 


For the purpose of representing the effect 
of vibration loss of the metal film on the Q 
of the crystal unit, series resistance FR, in the 
equivalent electrical circuit of the crystal unit 
is represented by the series circuit of R,, and 
R,, as illustrated in Fig. 20. 

Ri» represents the resistance caused by the 
vibration loss of the metal film, and R;, the 
resistance caused by other parts of the units. 

The following equation is derived from 
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Co 
Fig. 20—Equivalent electrical circuit 
of the crystal unit. 


assumption (2); 
4W’ ={(2r)/Q:} W (9) 


where 4W/=Energy consumed in the metal 
film per cycle. 
W=Maximum energy stored in the 
metal film. 
@,=1/4 of the metal film for longi- 
tudinal vibration. 


From equation (9), the energy 4W consum- 
ed in the metal film per unit time is shown 


by 


Mo l 
4W=- Awd? Yes : 
WwW On wed 2(a) 0) 

On the other hand, the electrical energy 
4Wr consumed in R,, during the same time 
iS 


To.2 
AWr= a/Ts)\ Io +R, pdt 
0 


] 2 
a Rip AtstaCIy/n) an? | sin ade 


(11) 


where ¢ =Piezoelectric strain constant of the 
crystal. 
t) = Piezoelectric current passing through 
the motional branch of the equiva- 
lent electrical circuit. 
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By equating JW and 4W», the following 


relation is obtained: 


M dx 9a) 


= = 5 G2) 
Qo, 2a ly {Jasin ada}? 


Rie= 


From the calculation of series inductance 
Thi. 


” oad (13) 


2 M 
= OlLr Vera 


Ru="G 
where L,=Lidy 
In the case of fully plated electrodes, 


OoL no M- A (14) 


Reig Q) M, 5 


where thy =Liods 


By using the representation of Fig 20, the 
QO of the crystal unit can be expressed as 


1 1 1 
“er ae (15) 
Q QQ 
oL Dol 
where = a ; , Or = ; . 


and Q, represents the vibration loss of the 
crystal unit caused by the vibration loss of 
the metal film, and Q, repersents that caused 
by other parts of the crystal unit. 

Equation (15) gives a quantitative repre- 
sentation of the effect of the metal film on 
the Q of the crystal units. 

From equations (14) and (15). 


il Dy NH GG! 
Qn “ Qiz M) Wo yr g2(a) (16) 


In the case of fully plated electrodes, 


Le na ak MOG 7 
Q> Q, My dy ( ) 


Combining equations (7) and (16), we get 


one 2. wa p cosa, 


x ing dhgy inlay OP 


j 
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3.3. Preparation of the Specimen and 
Method of Measurement 


In preparing the crystal units, crystal plates 
were lapped precisely with AO-emery No. 304 
and light oil. Then, they were etched in a 
saturated water solution of ammonium biflu- 
oride at 24°C for one hour. In soldering the 
support wires (headed wire) to the crystal 
plates, 0.05 mg of solder was used at each 
junction point. After the deposition of the 
metal films in the determined shape and 
thickness, the crystal vibrators were sealed 
in a vacuum of about 1x107-> mm Hg. 

The metal film was deposited evenly by 
evaporation on both of the major surfaces of 
the crystal plate. The thickness of the 
evaporated metal film was determined by the 
following calculation: 


thickness 


(deposited mass) 
(area of the metal film) x (density) 


(19) 


The difference between the thickness of 
the metal film determined by the above 
method and that determined by the _inter- 
ferometer method did not exceed 5%. The 
accuracy of measurement of R; was _ better 
than =a 0.5.2. 


3.4. Vacuum Annealing 


To obtain a metal film with low vibration 
loss and uniform characteristics, annealing 
the evaporated metal film in vacuum proved 
very effective. Fig. 21 illustrates an example 
of the change of R, in the course of vacuum 
annealing in a vacuum of about 1x10-*mm 
Hg. The crystal plate used in this expert- 
ment was CT-cut and evaporated silver films 
about 0.4 thick were deposited on the major 
surfaces. As shown in this figure, during 
the first cycle, the crystal unit was heated 
very gradually up to 160°C, was maintained 
at this temperature for about eight hours, and 
then cooled very gradually down to room 
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—~— First temperature rise 
~--><--- First temperature drop 
—--«-— Second temperature rise 
—-e-— Second temperature drop 


Maintained 
at this 4 
temperature-— 
for eight 
hours 


Maintained at 
this temperature. __ 
for seven hours 


Ri (2) 


0 40 60 80 100 120 140 160 180 200 


Temperature (°C) 


Fig. 21—Change of series resistance Rk; by 
vacuum annealing (the crystal is 
a 200kc, CT-cut plate on whose 
major surfaces 0.4 4 thick evapo- 
rated silver film has been deposited). 


temperature. During second cycle, the crystal 
unit was heated up to 200°C and cooled 
down to the room temperature. During the 
two annealing cycles, R, of the unit was 
measured and’ plotted as shown in Fig. 21. 
The experiments showed precisely the same 
results whether evaporated gold films or 
evaporated silver films were used. From 
Fig.21 and from other experiments, the 
following description of evaporated metal 
films of silver and gold can be made: 

(a) Vibration loss of the metal film is de- 
creased to a considerable extent by vacuum 
annealing. The magnitude of the decrease 
of vibration loss is determined by the anneal- 
ing temperature. 

(b) Below the annealing temperature, the 
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vibration loss may be considered to have in- 
herent temperature characteristics. 

From these results, all the crystal units 
used in the following experiments were an- 
nealed at 150-155°C for eight hours, since 
in these crystal units, the support wires are 
attached to the crystal plates with solder 
whose eutectic temperature is 183°C. 


3.5. Experiments on Crystal Resonators 
Vibrating in the Fundamental 
Longitudinal Mode 


3.5.1. General 


The crystal plates used are —18.5° X-cut 
plates with a length of 25.0mm, width of 
12.5mm and thickness of 1.9mm. The di- 
mensions of the evaporated metal film are 
l=24.0mm and w=11.5mm as shown in 
Fig. 19. In this paper, this electrode shape 
will be called the “standard shape”. 


3.5.2. Determination of Effective Young’s 
Modulus of the Evaporated Metal 
Film 


From equation (7), the effective Young’s 
modulus of the evaporated metal film can be 
estimated only when a is determined by ex- 
periment. From equations (6) and (7), the 
following equation is obtained: 


So 
oa 
3 
3 


<1 2.5mm 
11.5mm4—— 
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COS? A =. ©1(@) ‘ t Af mz Wo E d- ? 
sin? a ¢2(a) g(a) f 2 w d/2 
(20) 


Now, in the right hand of the equation 
(20), the first term can be determined very 
precisely by the measurement of dimensions 
of the deposited metal film. However, the 
second term involves values in which experi- 
mental errors are liable to occur. Therefore, 
if an experimental method is found that 
enables us to make the second term very 
small as compared with the first term, the 
value of a can be determined very precisely. 

Fig. 22 illustrates the experimental method 
devised to meet the above-mentioned purpose. 
As shown in the figure, evaporated 0.1 yp 
thick metal films of the “standard shape” 
were deposited on both the major surfaces 
of six crystal plates, all of which have the 
same orientation and dimensions. Then, the 
area of the electrode was divided into twelve 
equal segments, and evaporated metal films 
d/2 in thickness were deposited on both the 
major surfaces in the following manner: On 
crystal (a), at both ends; on crystal (b), at 
the second segments from both ends; ------; 
on crystal (f), on the central part. By this 
experiment, the effects of the metal films de- 
posited in the second deposition can be de- 
tected without changing the equivalent series 


Fig. 22—Partial deposition of the metal films. 
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Table 3 


FREQUENCY CHANGE CAUSED BY THE 
PARTIAL DEPOSITION OF EVAPORATED 
SILVER FILMS (THE METHODS OF PAR. 
TIAL DEPOSITION ARE ILLUSTRATED 
IN FIG.22; THE THICKNESS d/2 Is 
OL 53 729). 


Code of the Cry-| Frequency Change (10~) 


| 
stal Units | Measured Value) Calculated Value 
2 | a i By Se Sool 
(a) —581 —588 
_ aa 1 “Sola Sine 
(b) —543 487 
| 4 - : 
(c) | 287 = 233 
(d) 130 —163 
(e) | =—22.0 —20 
| 
(f) | +90. 5 +63 
be i; —— - 
Total Pigd7. 5 —1, 528 
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Table 4 


FREQUENCY CHANGE CAUSED BY THE 
PARTIAL DEPOSITION OF EVAPORATED 
GOLD FILMS (THE METHODS OF PARTIAL 
DEPOSION ARE ILLUSTRATED IN FIG. 22, 
THE THICKNESS d/2 IS 0. 22 2). 


Frequency Change (10~°) 


Code of the Cry- 


: stal ee Measured Value | Calculated Value 
ea b alana 449 
os , 1 Eee oe 7 
(d) - —145.0 at 

a rae y a sal —49 
an | +9.8 piv pe a 
seal Bat ‘i 1, 287 a 


inductance of the units. 

Next, frequency changes caused by the 
second deposition were measured and are 
shown in the second columns (measured value) 
of Table 3 (silver) and Table 4 (gold). From 
these tables, it can be seen that minimum 
frequency change occurs with crystal (e) in 
Table 3, and with crystal (f) in Table 4. 

From the frequency changes of these 
crystals and from equation (20), the following 
values are obtained: 


For silver, 


2 
pe 26 ~ a, = 70°30" 
sin” & 
(21) 
For gold, 
ee 0043 a= 78°40" 


sin? ao 


From equation (7) and the values in (21), 
the effective Young’s modulus of the evaporat- 
ed metal films are determined as follows: 


For silver, 
NGS, GS SS OE” dyne/cm? 
(22) 
For gold, 
WEP OL dyne/cm? 
It should be noticed that the effective 


elastic constants of the evaporated metal films 
are extremely small as compared with the 
elastic constants of the same metal in the 
bulk state. Namely, Young’s moduli of silver 
and gold are 7.90 10'' dyne/cm® and 8.0 
10!! dyne/cm? respectively. 
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3.5.3. The Effects of the Evaporated 
Metal Film on the Resonant 
Frequency of the Crystal Units 


From equation (6) and the values in (22), 
it is possible to calculate theoretically the fre- 
quency change caused by the deposition of 
the evaporated metal film. In the case of 
fully plated electrodes, 


for silver film, 


Se 23) 

in, 3. 46 X a (23, 
for gold film, 

Al d/2_ 

ae —6. 99x de (24) 


Table 5 illustrates the comparison between 
the experimental results and the calculated 
values. As can be seen from the table, the 
calculated values coincide with the experi- 
mental results with an accuracy of 3% or 
better. 

The third columns of Table 3 and Table 
4 represent the calculated values of frequency 
change caused by the partial deposition of 
evaporated metal films on the crystal units 
shown in Fig. 22 (a)-(f). Again, in these 
tables, calculated values are in good agreement 
with the experimental results. 

Some precise examinations of equation (6) 
have brought the following to light: 

(a) The frequency change caused by the 
deposition of the evaporated metal film is 
proportional to both the width and thickness 
of the metal film. 

(b) The contribution of each point along 
the longitudinal axis to the frequency change 
is proportional to , where m is represented 
by the following equation: 


< SE ee COSag ee 
(= — op ine? OS BE oe sin’ @ (25) 


Fig. 23 illustrates the values of 7 for silver 
and gold films. The integration of the value 
of m over the deposited area is also pro- 
portional to the frequency change. 
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Table 5 


FREQUENCY CHANGE CAUSED BY THE 
DEPOSITION OF 0.1 # THICK EVAPORATED 
METAL ‘FILMS ON BOTH THE MAJOR SUR- 
FACES OF A 1.0MM THICK CRYSTAL 
PLATE (METAL FILMS ARE FULLY PLATED; 
CRYSTAL PLATE IS —18.5° X-CUT). 


Measured Value Calculated Value 


| (10°) (10°) 
Evaporated wad - 
Silver Film | 335 | as 
Evaporated | _720 | _ 699 


Gold Film | 


25 aul dime Wes 
Evaporated silver film 


v 
uv ———— Evaporated gold film_| 


= ee bes | = 


J 


Fig. 23—Values of “n” represented in 
£q:(25)k 
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3.5.4. The Effects of the Evaporated 
Metal Film on the Q of the 
Crystal Units 


(a) Uniformity of R, 


For the purpose of examining the uni- 
formity of R, of the crystal units manufactur- 
ed under the same conditions, four crystal 
units were made. On two of them evaporat- 
ed 0.1 y thick silver films were deposited 
once, and on the other two, 0.05 y thick 
films were deposited twice. Then, the tem- 
perature characteristics of R, of these units 
were measured and plotted as shown in Fig. 
24. From this figure, it can be said that the 
temperature characteristics of R, are sufficient- 
ly uniform, and they do not depend on the 
number of layers deposited. 
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(b) Relation between R, and the thickness 
of the metal film 


The thickness of the evaporated silver film 
on the same plate was successively increased, 
and after each deposition the temperature 
characteristics of R, of the unit were measur- 
ed and are illustrated in Fig. 25. In Fig. 26, 
the relation between R, and the thickness of 
the silver film is plotted at several tempera- 
tures from Fig. 25. From these figures it is 
apparent that R, increases proportionally to 
the thickness of the metal film in good agree- 
ment with equations (12)--(14). 

If each straight curve in Fig. 26 is extra- 
polated to the axis of the ordinates, the inter- 
section of the two lines will represent the 
value of R, of the crystal unit when the 
thickness of the metal film has become zero, 
and this value will be representative of R,- 


60 
50 
40 | | 
Sq 
30 L = 
a 
Evaporated silver films oly 
in thickness were deposited 
20 one time. 4 
Var, Me Evaporated silver films 0.05. : 
10 in thickness were deposited two times. 


30 40 50 60 


70 80 90 100 


Temperature (°C) 


Fig. 24—Temperature characteristics of 
—18.5°C, X-cut: 25.0 mm long, 


R, of four crystal units (crystal plates are 
12.5mm wide, and 1 mm thick; the metal 


film is of “standard shape”; the crystal units were annealed in vacuum 


for eight fours at 150-153°C). 
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(A): Silver film 0.11 y thick was deposited 
at first. 
~ (B): Silver film 0.11 y thick was added 
= (total ; 0. 22 y). 
& (C): 0.20 # was added (total; 0. 42 yz). 


(D): 0.08 # was added (total; 0. 50 y). 
(E): 0.09 » was added (total; 0.59 y). 


Fig. 25—Temperature characteristics of R; of 
the crystal units (the thickness of 


= ae eeerasi the evaporated silver films are in- 

ce pee aN a a oh “Ror” creased successively; the crystal plate 

0 is the same as that shown in Fig. 
SO See 0 me On GOR ONS OMNNECO MENICO 24). 


Temperature (°C) 


150 


100 


R (9) 


50 


0.1 0.2 0.3 0.4 0.5 0.6 


Thickness of the Metal Film (xn) 


Fig. 26—Relation between R and i 
¥ the thick 
silver film, derived on Fig. 25. ness of the evaporated 
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in Fig. 20. The dashed curve in Fig. 25. re- 
present the temperature characteristics of Ris. 
plotted in this way. 


Kc) Q, and Rp 


From the foregoing experiments, the value 
of Rip per unit thickness can be determined 
for the evaporated silver film. From this 
value and from the inductance L, of the 
—18.5° X-cut plate, when /,=25.0mm, w= 
12.5mm, and the electrode is of the “standard 
shape”, 


L,=28. 6 do. 


The value of Q, was determined for d)= 
POs) 20,10 dnd f=101.6kc;- and is 
plotted in Fig.27. In the same manner as 
before, Q, of the evaporated gold film was 
also determined for the same crystal plate, 
and is plotted in the same figure. 


Oe a ea 
ees 
ha SS 
I | | 
za 1.5 T Al = : Tae 
S) | | i | 
a ° o£ A . ae Se 
Se vaporated See — ) 
S o—-~Eyaporated gold film | | | 
1.0 ae i = ; - 
Le | teil ae | 420 
7 | ee ey 
° oe == eS ie E SG 
Sa =— 10 ~ 
ey we eel e 
| | 
0) | 1 0 
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Fig. 27—Q, and R, of the evaporated silver 
and gold films (the crystal plates 
are the same as those in Fig. 24; 
d/2 in Fig. 19 is 0.1 4). 


(d) @ 
By using the values of Q, in Fig. 27 and 


the values of cos?a@)/sin?a) already determin- 
ed, it is possible to estimate the values of Q 
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of the evaporated metal films from equation 
(18). These values are illustrated in Fig. 28, 
from which it should be noticed that the 
values of Q, are extremely small as compar- 
ed with those when metals are in the bulk 
state. 
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Fig. 28—Q of the evaporated silver and gold 
films in the longitudinal vibration 
(frequency is 101.6kc; vacuum at 
the time of evaporation is 0.8-1.0 x 
10-4; the evaporated metal films are 
annealed in vacuum for eight hours 
at 150-1532 ©)! 


(e) Distribution of R,, along the longi- 
tudinal axis 


In the experiment of partial deposition of 
the evaporated metal films illustrated in Fig. 
22, the increase of R,; caused by the second 
deposition of the silver films was measured 
for six crystal units and is illustrated in Fig. 
29. These values are calculated from equation 
(13) and from Fig. 28 for several temperatures 
and tabulated, together with the measured 
values, in Fig. 8. From Fig. 29 and Table 6, 
it is concluded that when evaporated metal 
films are deposited on the parts where dis- 
placement is large and strain is small, the 
increase of vibration loss of the crystal unit 
is very small, and vice versa. 
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Table 6 


INCREASE OF R; CAUSED BY THE SECOND DEPOSITION OF THE EVAPORATED SILVER 
FILM WAS CALCULATED FROM EQ. (13) AND Q, IN FIG. 28, AND COMPARED WITH THE 
MEASURED VALUES. ALL TH EXPLANATIONS IN Fic. 29 APPLY FOR THIS TABLE. 


| | 
Code of the Crystal Units | (a) (b) Cy | (Ad) te) (f) 
ers [eo ee ee ee zs lhe. . —— xe 
| Measured Value | 1.0 310 |) a8 7.5 | 12.0 | 15.6 
ere as eee ee == ee a 
| Calculated Value 0.6 2,5 | 5.6 8.9 | 11.8 | 1 2! 
= = = id = = be 2 [ | a, 
Measured Value | EO 4,9 8.8 12.5: )  d@9 4 “Zea 
Increase of R:i(Q)| 60°C : : am = = = r = 
| Calculated Value OnSo a Bye Sa 13.0 . fe | 19.6 
Pivicacered Values 10 |) ene 16°) 127 ae 37.0 
95° C = ee = , — = 
Calculated Value | Heer | Be | Was 20-2 | 2656 | 30. 3 
tie = Se _ ae 
40 surfaces metal film electrodes with an area 
oe ae of 14 square mm were deposited. 


Fig. 30 illustrates the relation between the 
thickness of the evaporated silver film and 
the frequency change. This figure shows that 
the resonant frequency changes proportionally 
to the thickness of the metal film. 

Fig. 31 illustrates the temperature charac- 
teristics of R, of several crystal units, the 
metal films being different in thickness from 

Temperature (°C) one another. In Fig. 32, the relation between 

R, and the thickness of the metal film is 

A EO plotted for several temperatures from Fig. 31. 

deposition of evaporated silver film in From these figures, it can be concluded that 
the experiment in Fig.22 (the value ; as ; 

Bi d/o 1053 7. (ai) correspondite R, increases proportionally to the thickness 

the units in Fig. 22). of the metal film. 

Fig. 33 illustrates the change of the fre- 

quency-temperature characteristics of the 

3.6. Some Experiments with Crystal crystal unit caused by the increase of the 

Units in Face Shear Mode thickness of the evaporated silver film. In 

this experiment, the thickness was increased 

Some experiments with CT-cut 200kc from 0.08 # to 1.32 on the same CT-cut 
crystal units proved that the same considerat- crystal plate, and the frequency-temperature 
ions as in the case of longitudinal crystals characteristics are plotted for each thickness 
are applicable to face shear crystals. in Fig..33 (a). In Fig. 33 (b), the difference 

The crystal plates used in the experiments between the two curves is plotted in order 
were 1.0mm thick, and on both the major to represent the effect of the metal film on 


Increase of A,(Q) 


Fig. 29—Increase of R, caused by the second 
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Fig. 32—Relation between R, and the thick- 
ness of the evaporated silver film; 

02 On 06 08 10 12 derived from Fig. 21. 

Thickness of the Evaporated Silver Film (1) 


Fig. 30—Relation between the thickness of the 
evaporated silver film and frequency 
change (the crystal is a 200 kc CT-cut 
plate 1.0mm thick; the dimensions of 
the metal film are 14.0mmx14.0 mm; 
the unit is vacuum annealed in the 
manner described in Fig. 24). 


(A): Metal film thickness=0. 32 p. 
(B): Metal film thickness=0. 57 yp. 
(C): Metal film thickness=0. 81 p. 
(D): Metal film thickness=1.3 yp. 


R,(Q) 


Fig. 31—Temperature characteristics of R, of 
several crystal units (the thickness 
of the metal films are different from 
one another; the crystal plates are 

i a 7 60 80 100 identical to those shown in Fig. 30). 
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(b) Difference between the two curves in (a) 


Fig. 33—Change of the frequency-temperature characteristics of the face shear crystal 
units caused by increase of thickness of the evaporated silver film. 


the frequency-temperature characteristics of 
the crystal unit. Fig.33(b) shows that an 
increase of the thickness of the silver film 
from 0.08 to 1.32 corresponds to the 
addition of a temperature coefficient of —3.6 
x 107‘ to the original crystal unit tempera- 
ture characteristics. 


3.7. Summary 


The results obtained 
summarized as follows: 


in this section are 


(a) Vacuum annealing 


The vibration loss of the evaporated metal 
film is markedly decreased by vacuum an- 


nealing. The magnitude of the decrease of 
vibration loss is determined by the annealing 
temperature. Below the annealing tempera- 
ture, the vibration loss of the evaporated 
metal film can be considered to have inherent 
temperature characteristics. 


(b) Frequency change 


Frequency change caused by depositing 
the evaporated metal film can be determined 
from the Eq. (3). Generally speaking, when 
the metal film is deposited where strain is 
large, the frequency increases only slightly ; 
on the other hand, when the metal film is 
deposited where displacement is large the 
frequency decrease is larger. 
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(c) Vibration loss 


The properties of the internal vibration 
loss of the evaporated metal film are illustrat- 
ed by Voigt’s model. Therefore, the increase 
of the series resistance R, of the crystal unit 
is proportional to the thickness of the metal 
fim. The magnitude of the increase of. vi- 
bration loss of the crystal unit is very large 
when the evaporated metal film is deposited 
where strain is large, and vice versa. 


(d) Elastic properties of the evaporated 
metal film 


The effective Young’s modulis of evaporat- 
ed silver and gold films are shown in (22). 
The temperature characteristics of Q, of these 
films are illustrated in Fig. 28. 


(e) Other properties 


The effect of evaporated metal film on the 
frequency-temperature characteristics of the 
crystal units cannot be ignored. 


4. Fabrication of 10-100 Mc Crystal Units 


4.1. General 


Studies of lapping very thin crystal plates 
with sufficient parallelism and flatness, and 
‘of mounting the vibrators suitably, have 
enabled the author to manufacture crystal 
units with uniform quality in the frequency 
range from 10 to 75 Mc.” By polishing the 
crystal plates precisely, the author has  suc- 
ceeded in manufacturing crystal units with 
excellent quality up to 100 Mc. 

In this section, experimental results of these 
crystal units are described together with the 
oscillator circuit used with these crystals. 


4.2. Representation of the Quality of 
the Crystal Units 


The quality of the crystal units is represent- 
ed by Figure of Merit =1/mCoki hereafter 
abbreviated “M”, R, and Q(=aLi/R,) in 
this section with the help of the parameters 
illustrated in Fig. 34. Re cands £;, “were 
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measured on an appropriately modified CI 


meter whose accuracy of measurement was 
better than 5%. 


Ly R, Cy 
=e 
Co 
Fig. 34—Equivalent electrical circuit 
of the crystal unit. 


Furthermore, in order to simplify the repre- 
sentations, M, R,, and Q at the n-th overtone 
will be denoted by M,, Rin, and @, respec- 
tively. 


4.3. Specimens and Method of Mounting 


The crystal plates used in the experiments 
were mostly AT-cut round plates with a dia- 
meter of 14mm. Round metal film electrodes 
of appropriate diameter are deposited on both 
major surfaces. The metal film electrodes 
are connected to the wire leads as shown in 
FI1g;35, 

The area of the electrode was chosen such 
that M of the crystal units would be maxi- 


Fig. 35—Mounting of the crystal unit. 
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mum. Fig. 36 illustrates an example of the 


experimental results showing the relation be- te : 
tween M and the diameter of the electrodes, 700 ——}{— is 
for a typical crystal unit. Some other ex- ae Pe cadet SEES = — | | 
periments similar to those illustrated in Fig. | | jee, Ma, 


~ 


we ~ Fundamental_| _"~¥ 


o——~ Third overtone 


36 showed that a parallel capacitance of 6-8 a 
pF gave the maximum value of M. 


o-—-—oFifth overtone 


4.4. Lapping 
100. i: 
4.4.1. General Pe 
pad S00) i 
Sis ass = 3 
As is well-known, the qualities of very cae Sie 
high frequency crystal units are principally he 
determined by the parallelism, the roughness, 20 
and the flatness of the crystal pilates. = 
“Plane parallel lapping” or “both side Jap- 10k oe & 
ping,” in which all crystal plates are lapped 5 =o ~ 
simultaneously and tend to become equal to : = 
one another in thickness, and the parallelism : Ms 
of each crystal plate is improved automatical- 2 eee eee eS ee pe ae 
ly in the course of lapping, is adapted to the D 
production of very high frequency crystal 3 ues 6 7 8 9 
units. With the conventional lapping machine, Diametey ss the Electrode Ame) 
however, when the crystal plates become aos is 5.8 Soe i7s 
very thin (thinner than 0.15 mm), the corres- Parallel Capacrtasce {pk ) 
ape ee o Layard ue Fig. 36—The relations between M or R; and 
We see: 10 ee Nabe pe ogee wee the diameter of the electrodes or 
applied during the lapping procedure, which parallel capacitance (the crystalplate 
prevents lapping from proceeding. is AT-cut ; its fundamental frequency 
Studies led the author to use the following is 10.1 Mc). 
two suitable methods of lapping. 
4.4.2. Thwaite’s Method” 
Pie wheel 
Thwaite’s method was found to be most y; Zp : 
suitable for lapping crystal plates thicker than ZZ Pia es 
0.1mm. In making use of this method, Malte oes ee 


however, attention should be paid to main- 
tain the flatness of the planes of both the 
upper lap and the lower lap, because this 
method is a modification of the “drill press 
lap” in which both the laps tend to lose 
their flatness during the course of the lapping 
procedure. 

Table7 represents the quality of Bent Fig. 37—Schematic illustration of Ida’s method 
crystal units manufactured simultaneously by spar HEAT OI AESS 
this method. 


_— Workholder 


Guide wheel 


Crystal plates 
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Table 7 
QUALITY OF EIGHT CRYSTAL UNITS MANUFACTURED SIMULTANEOUSLY 
BY THWAITE’S METHOD (C)=6. 0 PF; At REPRESENTS THE PARALLELISM 
OF THE CRYSTAL PLATES). 
a a ce 
Thickness | ; Ape | | 
Orientation | Peary M, Roi Se | Ros | 5 Ros 
(mm) Coe ley MTN OS | ayo] Merl oho aden) a | aan 
| | es 2 | | 
|] l i. 
0. 112, Gis 0 14.7 360 5 44.1 Ay 4 as 73.5 5.5 65 
| ho: si ¥ ie ae 
0. 112 Y 0 uw 450 4 eo AO | 15 Y 5.5 65 
Onli2s Y 0 Y 450 4 Wz 35 17 Y 6.3 57 
0: 112. Y 0 Y 400 4.5 Y 38 ae diG YR TG 62 
0.112, BT O21 | ez2g | 230 Plas. | 6708 62) 6) | — 
| | 
a 2 | ieee 
OF 1125 7 eet ey 210 5.5 Y 6.0 65 — | —— — 
| | 2a 
Ogiase Yi 0 Y, 200 6 V7 5.6 70 == = — 
| | 
= : tN = = le = ——_ = 
O12. Y; ie | Vz 210 5.5 y 5.6 | 70 = | — 
| | | | 
4.4.3. Ida’s Method® Table 8 


Fig. 37 gives a schematic illustration of 
Ida’s method. In this method, workholders 
were made small and the range of motion of 
workholders was localized by separating the 
revolution of workholders from the rotation 
of them so that the very thin workholders 
do not break or fracture during the lapping 
procedure. In addition, all the crystal plates 
are lapped together with the workholder, 
which are almost equal in thickness, there- 
fore each crystal plate is lapped as a part of 
the group of a workholder and crystal plates. 

Ida’s method was found to be suitable for 
lapping very thin crystal plates (from 0.07mm 
to 0.15mm). Table 8 represents an example 
of the results obtained by this method. 

4.5. Quality of the Lapped Crystals 

Several kinds of crystal units were manu- 
factured in the frequency range from 7.95 to 


AN EXAMPLE OF RESULTS OBTAINED BY 
IDA’S METHOD (C)=6. 2 pF) 


| 
fi(Mc) | Mi | Ror (Q) | fe(Mc) | Mg | Ros (Q) 
| | | 
20,0 | 370 | oad) 60.0 | 145} | 28 
y 370 Cae er ey) Sh 
Yi 320 ae | Yi 17 wel es 


24Mc (expressed in their fundamental fre- 
quencies), by the above two methods. 

Their M, R;, and Q at the fundamental, 
third, and fifth overtones are plotted in Figs. 
38~40. In Figs.38 and 39, the 90% two 
side tolerance limits (fiducial probability: 90 
%) are shown for M and R, at each over- 
tone order. 
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Fig. 38—Frequency characteristics of M (Cy 
=5.8 pF~7.2 pF; dotted solid, and 
dashed curves represent 90% two 
side tolerance limits—fiducial pro- 
bability =90%—respectively). 


From these figures the following conclusions 
are obtained: 

(1) At the same frequency, as the over- 
tone order becomes higher, M becomes small- 
er and R, becomes larger. 

(2) On the contrary, as the overtone 
order becomes higher, Q becomes larger. 

(3) When the mean value of M, is ex- 
pressed as a function of frequency by the 
following equation 


Minne fee (27) 


where f is frequency expressed in Mc, the 
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Fig. 39—-Frequency characteristics of R (the 
explanations in Fig. 38 are also ap- 
plicable to this figure). 


© Measuring point at fundamental 
© Measuring point at fundamental in vacuum 
x Measuring point at third overtone 


® Measuring point at third overtone in vacuum. 
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Fig. 40—Frequency characteristics of M (C)= 


5.8 pF~7.2 pF; vacuum is about 1X 
10°? mmHg). 
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values Mn, and a, are as given in Table 9. 
4.6. Polished Crystals 


4.6.1. General 

As already described in the preceding para- 
graph, lapping the crystal plates with suitable 
machines is suitable for the production of 
very high frequency crystal units with ex- 
cellent quality and good reproducibility. 
However, lapping leaves extremely small 
scratches and cracks on the surfaces of the 
crystal plates, which seem to have unfavora- 
ble effects on the characteristics of the crystal 
units when the frequency of the crystal units 
becomes very high and these scratches and 
cracks become appreciable compared with 
the elastic waves in the crystal plate. 

The author has succeeded in improving 
the qualities of VHF crystal units by polish- 
ing the crystal plates precisely, and _ this 
enabled him to manufacture excellent quality 
crystal units for frequencies up to 100 Mc. 
Fig. 41 (a) and (b) illustrate the observed 
roughness of a lapped surface and a polished 
surface respectively. As seen from the figures, 
the lapped surface shows a roughness of 
about 0.4, while the polished surface may 
be considered to be substantially smooth. 

The parallelism of all of the crystal plates 
used in the experiment was measured by the 
use of a multiple beam interferometer, and 
it was observed to be better than 0.4y. 


4.6.2. Quality of the Polished Crystals 


Figs. 42 and 43 illustrate M and R, of the 
polished crystals compared with those of the 
lapped ones. In these figures, dotted (funda- 
mental), solid (third overtone) and dashed 
(fifth overtone) curves represent the 90% two 
side tolerance limits of M and R, of lapped 
crystals reproduced from Figs. 38 and 39, and 
measured data represent M and R, of the 
polished crystals. From these figures the 
following conclusions are obtained. 

(1) At the fundamental frequency, the di- 
fference between M and R, of polished cry- 
stals and lapped ones cannot be observed. 


Table 9 


THE VALUES Minn AND Qn, WHEN THE 
MEAN VALUE OF Mp IS EXPRESSED AS 
Mrnf-% (FIDUCIAL PROBABILITY OF Qn 
BEING 90%; f BEING THE FREQUENCY 
EXPRESSED IN MC). 


Orie | Range AR) | Maw GO | an 
ree 10 iy FR Zi | He sel), 35) 
ig oe | 22 ee PHS) 1, re) 07 
ale Dee aoe ie ong Bie. 


Ci mM 


(a) Lapped surface. 


Olmm 


(b) Polished surtace. 


Fig. 41—Observed roughness of lapped surface 
and polished surface (lapping was done 
with AO-emery No. 304 and light oil; 
polishing was done with cerium oxide 
powder and water on the pitch plate). 


(2) At the third overtone, the quality is 
improved by a factor of about 1.5 if polished 
crystals are used. 

(3) Polishing results in a remarkable im- 
provement of the crystal units used at the 
fifth overtone, and even the use of the seven- 
th overtone of polished crystals can be re- 
commended. 
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10 p15: e920 I fy oy CIO Fig. 43—R, of the polished crystals compared 
Frequency. (Mc) with that of lapped crystals (the ex- 
planations in Fig. 42 are also applic- 


Fig. 42—M of the polished crystals compared able to this figure). 


with that of the lapped crystals (Cy)= 
5.8~7.2 pF; dotted, solid and dashed 
curves represent 90% two side toler- 
ance limits of MW of the lapped cry- 
stals at fundamental, third overtone, 
and flfth overtone respectively; points 
@, ©, x, and A represent. measured 
data for M of tha polished crystals 
at fundamental, third overtone, fifth 
overtone, and seventh overtone re- 
spectively). 


TOBA en Giye2s) 


4.7. Oscillator Circuits Fig. 44—-Oscillator circuit used for VHF 
crystal units. 
The oscillator circuit used for VHF crystal 
units is illustrated in Fig. 44. In this circuit, 


the crystal unit operates at its series re- 4.8. Summary 

sonance frequency. Fig. 45 illustrates the 

effects of detuning the plate tank circuit on In this section, a brief description has been 
the frequency and activity of the crystal given on the development of 10~100 Mc cry- 
oscillator. The experimental results shown stal units. It is summarized as follows: 

in Fig. 45 and other similar data proved that (1) Thwaite’s method and Ida’s method 
the oscillator circuit shown in Fig. 44 provides were employed in order to lap VHF crystal 
satisfactory results as a crystal oscillator up plates. 

to 100 Mc. (2) The crystal units manufactured by a 


suitable lapping machine have excellent and 
uniform qualities. 


VOLUME 9, NUMBERS 3-4, MARCH-APRIL, 1961 


Frequency Change (10°) 


40 == SS 1 
30 — 
—_ oO 
<< 20 
=e Ss 
= oS 
2726 a 
= 3S 
is ee 
<x =I 
10} e 
i 
a 

ot 40 

10 11 12 13 14 15 16 


Cp(pF ) 


Fig. 45—Effect of detuning of the plate tank 
circuit of the oscillator shown in 
Fig. 44 on the frequency and activity 
of the crystal oscillator (this experi- 
ment was carried out at 40 Mc using 
third overtone crystal units). 


(3) The author has succeeded in obtain- 
ing crystal units of excellent qualities up to 
100 Mc by polishing the crystal plates pre- 
cisely. 

(4) The oscillator circuit illustrated in 
Fig. 44 provides satisfactory results as a cry- 
stal oscillator up to 100 Mc. 


5. Adjustment of Load Capacitance of 
Crystal Oscillators 


5.1. General 


When a crystal unit is designed to operate 
as an inductive impedance in a crystal oscil- 
lator, it is general practice to specify the load 
capacitance of the oscillator for the represent- 
ation of the nominal operating point of the 
crystal unit. Therefore it is necessary to ad- 


195 


Impedance 


£ 


te ties 


Resistive 


rt 


Resistive part 
Reactive pa 


(b) Impedance-frequency characteristics of 
the crystal unit (when 2,/R,>1). 


Fig. 46—Equivalent circuit and impedance- 
frequency characteristics of the 
crystal unit. 


just not only the load capacitance of the test 
circuit but also that of crystal oscillators 
actually used to the specified value. 

This section presents a new method devis- 
ed for adjustment of the load capacitance of 
the crystal oscillators to the specified value 
accurately and easily. 


5.2. Adjustment of Load Capacitance 
5.2.1. Load Capacitance 


In the vicinity of the resonance frequency, 
the electrical characteristics of the crystal 
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unit are generally represented by the equiva- 
lent circuit shown in Fig. 46 (a), and the fre- 
quency characteristics of its impedance, re- 
active part and resistive part are schematical- 
ly illustrated by Fig. 46 (b). 

In crystal oscillators in which the crystal 
unit is designed to operate as an inductive 
impedance, the relation between the oscillator 
circuit and the crystal unit can be expressed 
by the simple equivalent circuit shown in 
Fig. 47, where C, represents an equivalent 
capacitance looking from the crystal terminals 
into the oscillator circuit at the crystal unit 
frequency. In such a crystal oscillator, the 
reactance Xe of the crystal unit amounts to 
1/2zfeCz, and oscillation frequency f. 1s 
equal to the frequency corresponding to X, 
on the reactance curve, as shown in Fig. 46 


(b). 


i 
1 
1 
1 
1 
i 
1 
1 


: Oscillator | 
Lcircuit---3 


Fig. 47—Relation between the oscillator 
circuit and the crystal unit. 


Therefore, when the value of C, is given, 
the oscillation frequency of the crystal unit 
is simply determined by C,, and this value 
is called the “load capacitance.” 


5.2.2. Difference between the Crystal 
Oscillator and Self-excited-oscil- 
lator 


For example, in the crystal oscillator shown 
in Fig. 48, if a coil is inserted in place of 
the crystal unit, this circuit is reduced to a 
Colpitts circuit and its self-excited oscillation 
frequency is also determined by the load 
capacitance of the oscillator just in the same 
way as in the case of the crystal unit. How- 
ever, the change of the self-excited oscillation 
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frequency 4f.’ caused by a small change of 
load capacitance 4C, is far greater than that 
of the crystal oscillator Jf, and the frequency 
change ratio of df. to df’, can be represented 
by the following equation: 


ih amis es ont aN 
(1+ (OF ae (On 


where 7 is the capacitance ratio of the crystal 
unit, which amounts to about 200 in the 
case of AT-cut plates and about 400 in the 
case of BT-cut plates. 


aed : (28) 


0) sl eee 
0 10 20 30 40 50 60 70 80 90 100 
Load Capacitance (pF) 


Fig. 49—Calculated value of equation (28), 
where ¢ is estimated to be 200. 


Fig. 49 illustrates the calculated value of 
equation (28), and Fig.50 shows some ex- 
perimental results representing the frequency 
change caused by change of load capacitance 
for a coil and for crystal units. 

As may be easily seen from these figures, 
the change of frequency in the case of the 
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Fig. 50—Frequency change caused by the 
change of load capacitance. 


coil is many thousands of times as large as 
that in the case of the crystal unit, and this 
is the very property which is utilized here 
for the adjustment of load capacitance. 


5.2.3. General Method 


The general method of adjusting the load 
capacitance of a crystal oscillator to a speci- 
fied value Cr, is as follows: 

(1) A variable-inductance coil mounted on 
the same type of base as that of the crystal 
unit is prepared; then, the series resonance 
frequency of the coil and C,) are adjusted to 
fy by the adjustment of the coil, where f, is 
the frequency of the crystal unit to be used. 

(2) Next, the coil is inserted in the crystal 
socket of the oscillator to be used, and the 
oscillation frequency is adjusted to f, by ad- 
justment of the variable parts of the oscil- 
lator. 

(3) As the result of the above operations, 
the load capacitance is now adjusted to Cz 
at the frequency fh. 


5.2.4. Explanation of the Principle 


5.2.4.1. Theory 


This paragraph explains the above-mention- 
ed principle. Here the C-I meter shown in 
Fig.51 is used in obtaining the series re- 
sonance frequency of the coil and the speci- 
fied load capacitance C7». 


LOT 


(1) Coil adjustment 


As described in the paragraph 5.2.3. (1), 
when a coil is inserted in the crystal socket 
of the CI meter in place of the crystal unit, 
and the inductance of the coil and the varia- 
ble parts of the CI meter are so adjusted 
that both in the crystal side and the re- 
sistance side of switch S, the oscillation fre- 
quencies become nearly equal to f,, the in- 
ductance L, of the coil is expressed as follows: 


og 


_ = AG = [1 4&9 a 
SO 
Cr farCuli ee | tae 
oy 
(29) 


Afm n == fn —frn, 


where f, and f, denote the oscillation fre- 
quencies of the CI meter when switch S, is 
thrown to the coil side and the resistance 
side respectively; 4C, is the error in the value 
of Cz, as compared with the true value, and 
Cy, is the capacitance determined by the 
following equation: 


1 
La eR TCS oy 
where L is the inductance of the coils in the 
plate and grid circuits of the CI meter shown 
in Fig. 51. 


Fig. 51—C-I meter. 
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(2) Adjustment of the oscillator 


When this coil is inserted in, the crystal 
oscillator, and the oscillation frequency is ad- 
justed to f. (nearly equal to f,), then the fre- 
quency f. is expressed as follows: 


1 
On fely =e ii Cr Gil) 

In equation (31), C, denotes the effective 
capacitance of the crystal oscillator looking 
from the crystal socket into the oscillator; 
this means the load capacitance of the crystal 
oscillator at the frequency of f. as defined in 
paragraph 5.2.1. 

From the equations (29) and (31), Cz be- 
comes 


~ fe Cro Ale Al (Cr | 
C12 Cu 1-2-7 +4 Cay. oie Ca (32) 


where fc=fe—fin 


In the right-hand side of equation (32), the 
terms excepi the first term represent the 
error of adjustment of load capacitance and 
from this equation it is expected that the 
error can be made very small. 


5.2.4.2. Experimental Results 


Figs. 52 and 53 illustrate some experiment- 
al results concerning the error of adjustment 
of the load capacitance in terms of deviations 
of crystal frequency. In these figures, Jf, is 
represented by 


Afy=fo' —fo (33) 


where fy’ is the oscillation frequency of the 
crystal unit in an oscillator whose load ca- 
pacitance has been adjusted to Cy), and feos 
the series resonance frequency of the crystal 
unit and the specified load capacitance Cre 
In Fig. 52, the relations between 4f,/f, and 
Afmn/fm are illustrated. In this figure the solid 
curve represents the experimental results and 
the dotted curve shows the value calculated 
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from equation (32). The relations between 
My/fo and Af-/fn are illustrated in the same 
way in Fig. 53. 


ae o—_—o Experimental 
results 
Calculated value 


Fig. 52—Relation between Afmn/fm and Afo/fo 
(the crystal unit is 4,000 kc BT-cut; 
Ge 1s 69.2 pF). 


oO—— Experimental results 


----- Calculated value 


Fig. 53—Relation between Af-/fn and Af,/fo 
(Cro=40 pF; the crystal unit is 
4,000 kc, BT-cut). 


From these figures it can be concluded that 
when an adjustment accuracy “of aba Sel0r 
is required for crystal frequency, an accuracy 
of adjustment of +2107? of the self-excited 
oscillator frequency is sufficient. Such an 
accuracy is obtainable by the use of a simple 
beat tone in almost all the applications. 
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Fig. 54—Frequency characteristics of the load capacitance of a C-R type Pierce 
oscillator (load capacitance is adjusted to 40 pF at 4.15 Mc). 


5.3. Cz, Meter 


5.3.1. Frequency Characteristics of the | sil 
Load Capacitance in Some Crystal Cp Ge 
Oscillators =] ig oy 
| ere yes Cs 
In crystal oscillators in which the load ca- el 
pacitance consists chiefly of capacitors, load (a) (b) 
capacitance can be kept substantially the same Pig. 55 Fquivalentiecuis oes 
value over an extremely wide frequency circuits described in Fig. 54. 


range. 

For example, Fig.54 illustrates the fre 
quency characteristics of the load capacitance 
of the C-R type Pierce oscillator shown in 
Fig. 48. In this figure, the solid curve (a) 
represents the characteristic when the wiring 
was made as short as possible, while the 
dashed curve (b) represents the characteristic 
when the wiring was made moderately long. 
Dotted curve (c) represents the characteristic 
when the wiring was made as long as _ that 
in the case of curve (b), but the capacitors 
which principally determine the load capaci- 
tance were connected directly to the crystal 
socket. The equivalent circuits corresponding 
to the three cases are shown in Fig. 99, 
where dotted lines represent the distributed 
inductance and- capacitances caused by the 
wiring and interelectrodes capacitances of the 


tubes. 


Fig. 56—C, meter. 
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Fig. 57—Circuit diagram of Cy meter. 


From Fig. 54 it can be said that when ap- 
propriate attention is paid to the wiring of 
the actual oscillator circuits, the load capaci- 
tance of these oscillators can be kept sub- 
stantially constant over the frequency range 
from 1 Mc to 10 Mc, and this is one of the 
most advantageous properties of these oscil- 
lators. 


5.3.2. Cy Meter 


A simple instrument devised for the ad- 
justment of load capacitances of the C-R type 
Pierce oscillator (Fig. 48) is shown in Figs. 56 
and 57. In these figures, (1) shows a crystal 
oscillator whose load capacitance is variable 
and which maintains the same load capaci- 
tance over a wide frequency range; (2) shows 
an absorption type frequency meter equipped 
so that only 1:1 beat tones may be caught 
when the frequencies of two oscillators are 
compared; and (3) shows a variable frequency 
oscillator equipped in order to hold a fre- 
quency temporarily for transfer purposes, and 
(4) in Fig. 56 shows a coil sealed in a metal 
case (the case is connected to ground) and 
mounted on the same base as the crystal 
unit. Furthermore, this instrument is so con- 
structed that the frequencies of (1), (2), and 
(3) are almost equal to one another at the 
same dial reading when coil (4) is inserted 
in the socket of oscillator (1). 

In using this instrument, the following pro- 
cedures are taken: Coil (4) is inserted in 
the crystal oscillator (1), and its load capaci- 


tance is adjusted to a specified value by us- 
ing a calibration chart. Then, the frequency 
of oscillator (3) is made equal to that of oscil- 
lator (1). Next, coil (4) is inserted in the 
crystal oscillator to be used, and its frequency 
is made equal to that of oscillator (3). Now 
the load capacitance of the crystal oscillator 
has been adjusted to the specified value. In 
these operations, the adjustment of oscillation 
frequencies are carried out with beat tones. 

The measurement of load capacitances of 
the crystal oscillators can be carried out by 
the reverse of the operations mentioned above. 
The change of inductance of coil (4) due to 
long-time drift or temperature change is not 
very serious, because in this instrument coil 
(4) is used only for the transformation of a 
load capacitance into frequency. 

In order to maintain the accuracy of this 
instrument, it is necessary to calibrate the 
load capacitance of oscillator (1) at intervals, 
comparing it with standard capacitors by the 
means mentioned in paragraph 5.2.3. 

C, meter is very suitable for the adjustment 
and measurement of load capacitance within 
the range from 10pF to 100 pF, with an 
accuracy of +1%X10~°, expressed in terms of 
AT-cut crystal unit frequency. 


5.4. Summary 


A new method devised for the adjustment 
of load capacitance of crystal oscillators to a 
specified value, and its application to some 
kinds of oscillators have been described in 
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this section. By this method, adjustment and 
measurement can be carried out with an 
accuracy of +1X10~° expressed in terms of 
AT-cut crystal unit frequency. Frequency 
characteristics of load capacitance of a C-R 
type crystal oscillator are illustrated, and some 
wiring methods are suggested for keeping 
the same load capacitance over a wide fre- 
quency range. 


6. Development of a Small Constant- 
Temperature oven for Crystal Units!” 


6.1. General 


When a crystal oscillator is required to 
have highly precise frequency stability, it is 
sometimes necessary to keep the crystal unit 
within a limited temperature range inde- 
pendent of ambient temperature changes. A 
small, accurate, stable constant-temperature 
oven is suitable for this purpose. Although 
constant-temperature ovens have been used 
for crystal units for a long time, their tem- 
perature stability and reliability are not suf- 
ficient for telecommunication services. 

Improvements in the construction of the 
thermostat and studies on the interior arrange- 
ment of the constant-temperature oven have 
enabled the author to obtain small, accurate, 
stable constant-temperature ovens capable of 
maintaining their initial characteristics for at 
least five years. 

This section describes the construction and 
the design features of the constant-temperature 
oven. 


Fig. 58—An example of the constant 
temperature oven. 
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Fig. 59—Internal arrangement of the constant 
temperature oven shown in Fig. 58. 


6.2. Outline 


Fig. 58 illustrates an example of the con- 
stant-temperature oven, and Fig. 59 shows its 
internal arrangement. According to Fig. 59, 
the parts of the constant temperature oven 
is as follows: 

(1) Paulownia, a kind of wood growing 
in Japan which has excellent thermal insulat- 
ing properties (thermal conductivity: 0.21 x 
107° cal per cm, sec, °C) is used for the ther- 
mal insulating layer. The function of this 
layer is to keep the thermal power in the 
constant temperature oven and to obtain a 
uniform thermal distribution within the 
crystal part. 

(2) In the crystal part, crystal units are 
inserted. Thermal characteristics of this part 
are as follows: 

(a) The temperature of this part is within 
+1.5°C of a specified temperature. 
The allowance is due to the toler- 
ances in manufacturing the thermostat. 

(b) The temperature change caused by a 
change in ambient temperature from 
0~40°C is smaller than +0.5°C. 

(c) Temperature fluctuations are smaller 
than 012: C. 

(d) The temperature change caused by a 
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supply voltage change of +10% is 
smaller than 0.2°C. 

(3) A spherical shell-type bimetallic thermo- 
stat with quick on-off motions is used. 

(4) A copper plate whose function is to 
attenuate the thermal fluctuation of the crystal 
unit and to obtain a uniform thermal distri- 
bution within the crystal part is used as the 
thermal distributing layer. 

(5) Heaters are operated in the state of 
black heat. Two heaters are arranged so that 
the ratio of the power dissipation of one to 
that of the other is closely related to the 
thermal stabilities of the crystal part as_ will 
be explained in paragraph 6.3.2. 


6.3. Design Features 
6.3.1. Thermostat 


Figs. 60 (a) and (b) illustrate the external 
appearance and the construction respectively 
of the thermostat. In these figures, (1) shows 
the spherical shell type bimetallic, thermostat; 
the three pillars indicated by (2) are the 


(a) Fxternal appearance 


(1) (1) Spherical shell type bimetal 


i _— (4) Contact metal 


J 


VA 


Ue 
(3) Knob 


(5) Strip type spring 


(b) Construction 


Fig. 60—Spherical-shell type thermostat. 
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supports of the bimetallic disk. The knob 
which pushes the bimetallic disk slightly 
when the contact is open is shown at (3). 
The contacts made of an alloy of 10% osmium 
and 90% platinum are shown at (4); and 
(5) shows the strip type spring which holds 
the knob (3) and one of the contacts. 

In Fig.61, the relation between the dis- 
placement of the central part of the bimetal- 
lic disk (denoted by 0) and the temperature 
is shown. In this figure, when the temper- 
ature rises to 4;, 6 comes to the point C, 
where 6 jumps to point B and the contact 
opens. As the result the temperature falls, 
when it reaches 4, next jump occurs from 
the point D to A, causing the contact to 
close and the temperature to rise. This is re- 
peated successively. 

Therefore, in Fig. 60, when the top of the 


Temperature - 


0) 
Displacemeht of the Central 
Part of the Bimetal 5 


Fig. 61—Relation between the displacement 
of the central part of the bimetallic 
disc and the temperature. 
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Fig. 62—Long-time thermal stability of the 
thermostat measured by an ac- 
celerated test. 
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knob (3) is situated at point 6) in Fig. 61 
when the contact is closed, quick on-off 
motion of the contact always takes place, and 
long life of thermostat is assured. 

Fig. 62 illustrates an example of the long- 
time thermal stability of the thermostat 
measured by an accelerated test. From these 
results, satisfactory thermal stabilities are ex- 
pected for at least five years. 


6.3.2. Stabilization of Crystal Temper- 
ature against Ambient Temper- 
ature Changes 


(a) General principle 


Notation 

6,.: Temperature rise of the thermostat when 
the contact of the regulator is  short-cir- 
cuited and electric power is supplied to 
the heater even when the contact is open. 

6. : Temperature rise of the crystal unit for 
the same conditions as above. 

6, : Mean value of the on-off temperature of 
the thermostat. 

6, : Crystal temperature. 

6, : Ambient temperature. 

T, : On-off period of the thermostat. 

T, : The period when the contact is closed. 

i 2 Teyaba G1) 


Since the temperature rise is proportional 


to the mean power supplied, the value of 
can be expressed by 


O:=0, +-—- (35) 


From equations (34) and (35), @, becomes 


6,= Pe 
Bro 


suas 36 
ik (36) 
Therefore, when the following condition is 
satisfied, 


ry =O 19 Gy) 


6, is always equal to 9, and is independent 
of the ambient temperature changes. 
Furthermore, when 


G9 > O10 (38) 


6, changes in the same direction as the ambi- 
ent temperature change, while, when 


Fro< 10 (39) 


#, changes in the opposite direction from the 
ambient temperature change. So, if we find 
a method of satisfying equation (37), we will 
be able to design a constant temperature 
oven in which crystal temperature is inde- 
pendent of ambient temperature change. 


(b) Compensating heater method 


In the arrangement of the constant tem- 
perature oven shown in Fig. 63, when the 
ratio of the power dissipation (this ratio is 
denoted by ~#) of heaters A and B (both 
heaters are regulated by the same regulator) 
is varied and the ambient temperature is 
changed, then the crystal temperature changes 
as illustrated in Fig. 64. When 6.5 is chosen 
as the value of p, this constant temperature 


Thermal insulator 


Heater(B ) 


Thermostat 
Crystal 
unit 


ec Heater (A) 


Thermal 
insulator 


Fig. 63—Construction of the constant temper- 
ature oven used in the experiment 
in Fig. 64. 
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oven satisfies equation (37). In this way, 
when at least two heaters are arranged in a 
constant temperature oven, and the appropri- 
ate ratio of power dissipation of these heaters 
is chosen, then a constant temperature oven 
in which the crystal temperature is inde- 
pendent of the ambient temperature changes 
will be obtained. 
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Fig. 64—Relation between crystal temperature 
and ambient temperature (p denotes 
the ratio of power dissipation of 
heater (A) to that of heater (B) in 
Fig. 63). 


The heater which mainly supplies the 
power to the crystal, is called the “main 
heater,” and the heater which is equipped in 
order to improve the stability of crystal tem- 
perature is called the “compensating heater.” 
The constant temperature oven shown in 
Figs. 58 and 59 is obtained by modification 
of that shown in Fig. 63. 


6.3.3. Reduction of Thermal Fluctuation 


When on-off type thermostats—such as bi- 
metallic thermostats or mercury relays—are 
used, it is sometimes necessary to reduce the 
thermal fluctuation of the crystal unit by the 
use of appropriate thermal filters. For ex- 
ample, the combination of the metal plate 
and thin air gap shown in Fig.65 is effective 
for this purpose. 

By using a simple analogy to C-R type 
electrical filter circuits, the reduction factor 
of thermal fluctuation A is expressed as 
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plate 


Air gap 


Metal 


(b) Equivalent electrical circuit 
of thermal fiter(a) 


(a) An example of 
thermal filter 


Fig. 65—Thermal filter. 


follows: 
A ee (40) 
~ n/ 1497 CPR?) 
where R=Thermal resistance of the air gap 


(mm min °C/cal) 

C=Thermal capacity of the metal 
plate (cal/°C) 

W=2r/T 

T,)=On-off period of the thermal re- 
gulator expressed in minutes 


In the case of the combination of a copper 
plate and an air gap, 


a Ja 


~ po fla? te e 
VR) 


where ¢,; and ¢ are the thickness of the 
copper plate and air gap, respectively, in mm. 


(41) 


6.4. Overall Characteristics 


Overall characteristics of the small constant 
temperature ovens designed and manufactur- 
ed under the above mentioned principles are 
illustrated in Fig. 66. As shown in_ this 
figure, the constant temperature oven was 
switched on at an ambient temperature of 
40°C. After 4.5 hours, the ambient temper- 
ature was gradually cooled down to 0°C and 
maintained at that temperature for 2.5 hours. 
During this period, the crystal temperature 
was measured and is illustrated in this figure. 

In measuring the crystal temperature, a 
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Fig. 66—Temperature stability of the constant temperature oven shown in Fig. 58. 
50Q platinum wire was inserted in place of for the manufacture of 1~1,000ke crystal 
the crystal unit, and the change of resistance units have enabled the author to obtain high 
of this wire was indicated on a recorder in Q and highly stable crystal units with favor- 
terms of temperature changes. Even very able reproducibility. 
small temperature changes were detected in (2) Effects of the evaporated metal film 
spite’ of the wide ambient temperature on the characteristics of the crystal resonator 
changes. vibrating in the contour mode were analyti- 
cally studied. Q and Young’s moduli of the 
6.5. Summary evaporated metal films were also measured. 
; ; er (3) Studies of lapping and polishing very 
In this section, brief descriptions have been thin crystal plates have enabled the author 
made on the development of small, accurate, to obtain 10~100Mc crystal units with ex- 
stable, constant temperature ovens. These cellent qualities. 
descriptions are summarized as follows: (4) A new device for adjusting the load 
(1) The outline of the constant tempera- capacitance of the crystal oscillators to a 
ture oven is described. specified value and its application to some 
(2) A spherical-shell type bimetallic thermo- kinds of crystal oscillators were presented. 
stat was used. Some notes are given about (5) A small, accurate, stable, constant-tem- 
the construction of a thermostat with a long perature oven was developed for the stabili- 
useful life. zation of crystal oscillator frequencies. 
(3) General principle of crystal tempera- 
ture stabilization against ambient temperature Acknowledgment 
changes is described. A practical application 
of this principle, the “compensating heater The author wishes to express his sincere 


method” is shown. thanks to Dr. Noboru Takagi, Professor of 

(4) In order to reduce the thermal fluctu- Tokyo University, to Dr. Toshio Hayasaka, 
ation of the crystal unit, the use of thermal Associate Director of the Laboratory, and to 
filters consisting of a thin air gap and a Mr. Tokio Muto, Chief of the Circuit Com- 
metal plate is recommended. ponents Research Section of the Laboratory, 

(5) Overall characteristics of the constant for their valuable guidances and suggestions 
given during the course of this work. 

The author also wishes to thank Dr. Morio 
Onoe, Assistant Professor of Tokyo Universi- 
ty, and to Dr. Ichiro Ida in the Laboratory, 
for their kind suggestions during this work. 

Furthermore, the author wishes to ac- 
knowledge the valuable assistance of Mr. Hiro- 
shi Kojima and Mr. Minoru Kobayashi of the 
Laboratory, who supplied him with lots of 
technical details included in this paper. 


temperature oven designed and manufactured 
under the above principles are shown. 


7. Conclusion 


For the past ten years, the author has de- 
voted himself to the research and develop- 
ment of quarts crystal units. The results 
obtained are summarized as follows: 

(1) New methods and equipments devised 
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Studies of Magnetization Processes of Magnetic 
Cores by Supersonic Methods’ 


Katsumi NISHIGUCHI+t and Hiroshi SAWABEt 


When a supersonic vibration is applied to a magnetic core, the voltage output induced 


in a winding on the core is approximately proportional to the remanent flux. 


Measure- 


ments of remanent induction were made on various magnetic cores with rectangular B-H 
characteristics used in memory devices. Although the method is somewhat complicated, it 
‘ts useful to non-destructively investigate the inner structure of magnetic cores. 


1. Introduction 


Various methods are used for testing the 
properties of magnetic materials, but methods 
using ballistic galvanometers or current pulses 
have the disadvantages that the internal 
states of the specimen are different after 
measurement. The so-called nondestructive 
methods which do not change the internal 
states of the specimen included the following: 

(a) Crossed magnetic field method 

(b) Secondary distortion method 

(c) Supersonic magnetostriction method 

These methods all depend on the fact that 
there is difference of z in the output signal 
phase according to whether the residual in- 
duction is positive or negative. Furthermore, 
the theoretical output voltage of all of these 
methods is small. 

However, the use in method (c), of super- 
sonic magnetostriction, which is a mechanical 
method, allows a greater degree of freedom 
in the measurements than obtainable with 
the all-electrical methods. The results of 


* MS in Janese received by the Electrical Communi- 
cation Laboratory on June 6, 1960. Originally publish- 
ed in the Kenkyt Zituydka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 9, N. 10, pp. 1149-1162, 1960. 

Switching Apparatus Research Section. 

Electronics Research Section. 
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measurements of the various properties of 
magnetic cores through the application of 
supersonic vibration are repoxted in this 
paper. This measurement method, which was 
developed in our laboratory several years ago 
for the measurement of ferroelectric samples, 
“> has recently been applied to the measure- 
ments of ferromagnetic materials and very 
attractive results have been obtained. 


2. Relation between Magnetic Field 
and Magnetostriction Output 


Investigations were made first of the re- 
lation between the dc magnetic field and 
magnetostriction output; measurements which 
could be made with ease. Since magnetost- 
riction is small in the irreversible boundary 
displacement and mainly occurs in the re- 
versible rotation,“ the magnetostriction out- 
put is small in magnetic cores which show 
square hysteresis-loop characteristics. Com- 
parative studies, therefore, were made in an 
experiment between magnetic cores showing 
square hysteresis loop characteristics and 
those with a hysteresis loop which was more 
gradual. The characteristics of the magnetic 
core materials used are shown in Table 1. 

Fig. 1 represents the cross section of the 
transducer used in the experiments. Here a 
duralumin diaphragm of 0.035 mm thickness 
was fixed inside a brass cylinder. A 500 kc 
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barium-titanate crystal was cemented on one 
side of the diaphragm and a ferrite core of 
4mm outer diameter, 2mm inner diameter 
and 1mm thickness with a uniform winding 
was cemented on the other. With the crystal 
made to resonate with the driving sine wave 
signal, measurement was made of the relative 
value of magnetostriction voltage output in- 
duced in the winding. Figs.2 and 3 show 


Table 1 


CHARACTERISTICS OF THE MAGNETIC CORES 


the relation between magnetic field current 
and magnetostriction signal output with 
respect to materials A and B respectively. 
This characteristic represents the irreversible 
boundary displacement performed from inside 
the magnatic core, with the valley shown in 
these figures corresponding to the mutual 
cancellation of the inside and outside magneto- 
striction. Beyond the valley point, therefore, 
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Fig. 2—D.C. magnetic field vs. magnetostriction signal output. 
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Fig. 3—D.C. magnetic field vs. magnetostriction signal output. 


the phase of the magnetostriction signal out- 
put differs by z; however in the graphs, only 
absolute values are shown. Also, only the 
positive side of the dc magnetic field current 
is plotted here; the negative side is sym- 
metrical. 

It may be seen from Figs. 2 and 3 that as 
already mentioned before, in a magnetic core 
which shows a square hysteresis loop charac- 
teristic like material A, the magnetostriction 
signal output is small, but it will not decrease 
very much even when the dc magnetic field 
current becomes great. 

Next, the magnetostriction signal charac- 
teristic after demagnetization is shown in 
Fig. 4, and those for materials A and B in 
the case where the dc magnetic field current 
is reduced to 0 in the midst of hysteresis 
loop are shown in Figs. 5 and 6 respectively. 
Here, also it may be seen that in material A 
which shows a square hysteresis loop charac- 
teristic, the magnetostriction signal does not 
depend much upon the intensity of magnetic 
field current. 


Magnetostriction Signal Output (relative value, dB) 
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Fig. 4—Magnetostriction signal on initial 
magnetization curve. 
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Fig. 5—Magnetostriction signal where d.c. 
magnetic field is reduced halfway 
in hysteresis loop. 


3. Relation between Magnetic Induction 
and Magnetostriction Signal 


In order to apply the Villari effect to the 
measurement of the magnetization process of 
a magnetic core, the relation between the 
magnetostriction signal and remanent induc- 
tion must be obtained first. Fig.7 shows a 
block diagram for measuring this relation. 
The magnetic core is reversed, through po- 
larity reversing pulses, to positive and nega- 
tive remanent induction alternately. Change 
of magnetic induction is measured by inte- 
grating and amplifying the differentiated wave- 
form of remanent induction which appears 
in the other winding. Supersonic vibration is 
applied at the same time, and then, by 
measuring the magnetostriction signal, the 
relation between magnetostriction signal and 
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Fig. 6—Magnetostriction signal where d.c. 
magnetic field is reduced halfway 
in hysteresis loop. 


remanent induction can be obtained. 

Fig. 8 represents the relation thus obtained 
between magnetostriction signal and remanent 
induction for the square hysteresis loop core, 
in which it may be seen that the two are 
proportional to each other except in the vi- 
cinity of the saturation point. 

Next, measurement was made of the 
magnetization characteristic due to current 
pulses. With the magnetic core set at the 
negative saturation point first, remanent in- 
duction was measured by the supersonic 
method, applying signal pulses successively. 
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Fig. 7—Measurement of relation between remanent induction and magnetostriction signal. 
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Fig. 8—Relation between remanent induction 
and magnetostriction signal in the 
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characteristic. 


Five pulse durations were used: 5, 3, 2, 1, 
and 0.5 ms. Fig. 9 (a)-(d) show the measure- 
ment results for core RD, having square 
hysteresis, and the solid curves indicate the 
relation between the number of applied 
pulses and the remanent induction. Total 
time duration of applied pulses is given as 
the parameter. 

As seen clearly from Fig. 9, the change of 
the remanent induction caused by applying 
an infinite number of pulses is small when 
the current pulses are small. The dotted 
curves in the figure represent the combination 
of the points where the total duration of 
applied pulses (pulse duration number of 
pulses) is constant. When pulse duration be- 
comes smaller, change of magnetic induction 
will also be smaller, even though the total 
duration remains constant. 

While it is possible to measure the pro- 
perties of magnetic cores by means of the 
above method, it is impotant in a memory 
element that the magnetic core be fully re- 
versed by a single pulse, but not be reversed 
even if many pulses of half the amplitude 
are applied. Fig. 10 shows the result of mea- 
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Fig. 9 (a)—Magnetization process by pulse current (Specimen RD,). 


surements made for such evaluation, where 
the solid curve indicates the relation between 
magnetic field and the pulse duration required 
to magnetize the magnetic core by a single 
pulse, from —B, to +0.88B;, while the chain 
line indicates the relation between pulse du- 
ration and Hp/2 and the dotted curve the 
relation between magnetic field (Ayr) and 


the pulse duration required to magnetize 
magnetic core from =B,to =0.8B. In this 
case, the value of 7, indicated by the crossing 
point of curves Hyr—1/cts and (Hr/2)—(1/ts) 
will be the switching time of the magnetic 
core. 

By measuring the switching time for mag- 
netic cores with different ratios of inner and 
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method, the measurement process is extremely 
complicated, as it is necessary to determine 
the relation between the magnetostriction 
signal and remanent induction. Moreover, 
the better the quality of the square hysteresis 
loop core is, the less the magnetostriction 
signal will be, so that the measurement will 
be all the more difficult. Nevertheless, this 
method is considered to be of considerable 
use for measuring the physical properties of 
magnetic substance, since nondesiructive 
reading is made available. 


perties of magnetic cores by the supersonic 
AL 
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A High-Speed Facsimile System 
with Electronic Scanning” 


Keijiro KUBOTA,| Kazuo KOBAYASHI; Yoshitaro OKAJIMA,* 
and Shogo NANBOt{ 


This paper describes an experimental high-speed facsimile system with electronic horizon- 
tal scanning and mechanical vertical scanning. A Vidicon is used at the transmitting 
terminal while a flying-spot cathode-ray tube is used at the receiving terminal where the 
signal is recorded on electrophotographic paper. The transmitting speed of a facials 
system of this type is limited by the recording speed, which is dependent on the light 
sensitivity of the electrophotographic paper, the brightness of the flying-spot cathode-ray 
At present, the maximum transmitting speed is a horizontal repetition rate of 
In general, facsimile systems 


tube, etc. 
100 c/s with a vertical paper speed of 10mm per second. 
with electronic scanning are suitable for the high speed transmission of small-size copy, 
and have the additional advantage that the pictures can be enlarged or contracted during 


reception. 


1. Introduction 


Various high-speed facsimile systems have 
been reported. Among the most well known 
are Ultrafax, which uses photographic film 
and flying spot kinescopes at both the trans- 
mitting and receiving terminals, and a_high- 
speed facsimile system which uses a_thin- 
window cathode-ray tube and _ Electrofax 
paper at the receiving terminal; both were 
developed by RCA. 

The high-speed facsimile system described 
in this paper features the use of a Vidicon 
in the transmitter, a flying-spot cathode-ray 
tube in the receiver, and electrophotographic 
paper for recording. The original copy can 
be transmitted from a well lighted room, and 
a permanent record is obtained directly as 


cation Laboratory on 25 July, 1960. Originally 
published in the Kenkyu Zituydka Hokoku (Electrical 
Communication Laboratory Technical Journal), ING ES ss 
Vol. 9, No. 10, Oct. pp. 1193-1200, 1960. 

| Telegraph Section. 
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the received picture. Developing and wash- 
ing of photographic film are unnecessary at 
both the transmitter and receiver; therefore 
the operation of the apparatus is extremely 
simple. 


2. Design Fundamentals 


A one-inch Vidicon and a five-inch flying- 
spot cathode-ray tube were used. There are 
the same type of Vidicon and flying-spot 
cathode-ray tube that are used in television, 
and have a resolution of several hundred 
lines. Unlike television, facsimile requires 
that the received picture have uniform quality 
not only in the center but also near the 
margin. Furthermore, the tubes are used 
with single line sweeps. Therefore, it is not 
desireable to design facsimile on the same 
resolution capability basis that is used for 
television. 

Suppose that the resolution capability is 
500 lines, and that a line density of 4 to 5 
lines per mm are necessary to obtain a re- 
ceived picture whose quality is the same as 
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that received by a facsimile with all-mechanical 
scanning. Then the original picture should 
have a width of 100 to 125mm, but it be- 
came smaller as the resolution capability near 
the margin was below 500 lines. 

The horizontal repetition rate is limited by 
the frequency bandwidth of the transmission 
line, the persistence of the Vidicon, the re- 
cording speed of the _ electrophotographic 
paper, etc. For example, if the horizontal 
repetition rate is 100 c/s and the horizontal 
retrace ratio is 5%, then the maximum key- 
ing frequency becomes 26.4 kc. The blanking 
signal is used as the synchronizing signal. 
To perform continuous recording with electro- 
photographic paper, charging, -exposing, de- 
veloping, and fixing must be carried out con- 
tinuously. The recording speed is determin- 
ed by the sensitivity of the electrophoto- 
graphic paper, the brightness of the flying- 
spot cathode-ray tube, and the loss of light 
flux of the lens system. Also, it is important 
that the spectral responses of the electro- 
photographic paper, the flying-spot cathode- 
ray tube, and the lens system be compatible. 

-Rose-bengal sensitized zinc-oxide  electro- 
photographic paper is used in this system. 
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Fig. i—Spectral response characteristics. 
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Fig. 2—Light-voltage decay on charged 
rose bengal sensitized electro- 
photographic paper. 


The spectral response characteristics of the 
flying-spot cathode-ray tube phosphor, the 
transmission lens, and the rose-bengal sensitiz- 
ed zinc-oxide electrophotographic paper are 
shown in Fig.1; while the voltage-exposure 
characteristics which represent the sensitivity 
of the rose-bengal sensitized zinc-oxide electro- 
photographic paper are shown in Fig. 2. 


3. Apparatus 


A photograph of the apparatus is shown 
in Fig.3, and the outline of the system is 
illustrated by the block diagram in Fig. 4. 
At the transmitting terminal, the Vidicon 
output signal passes through the CR-coupled 
amplifier and then dc restoration is carried 
out by the keyed-clamp circuit. This clamp- 
ed signal is amplitude modulated in the modu- 
lator and at the same time synchronizing 
signal is inserted. The time constants of the 
coupling circuits and the negative feedback 
circuits were decided with great care so that 
the amplifier would have excellent low- 
frequency characteristics. In order to improve 
the linearity of the sawtooth current used for 
horizontal scanning, the principles of the 
bootstrap circuit were used. A shading cor- 
rection circuit and an aperture correction 
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Fig. 3—Apparatus. 


circuit are also provided. 

At the receiving terminal the incoming 
signal is amplified and detected, and the out- 
put signal is used to intensity-modulate a 
flying-spot cathode-ray tube. The synchroniz- 
ing signal is separated at the output of the 
detector, and this signal is used to sweep the 
flying-spot cathode-ray tube. The moving 


electrophotographic paper records the focuss- 
ed cathode-ray tube image. The continuous 
recording apparatus is shown in Fig.3. At 
first, the rolled electrophotographic paper is 
uniformly charged by corona discharge in the 
charging unit. After it moves to the position 
of exposure, the paper is exposed to the 
image on the flying-spot cathode-ray tube, 
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Fig. 4—Blockdiagram of high-speed facsimile. 


which performs horizontal scanning only. 
Next the paper passes through the develop- 
ing unit and the fixing unit, and a direct 
permanent picture is obtained. 

The developing unit consists of rotating 4- 
pole electromagnetic brushes whose direction 
of rotation is opposite to that of the paper 
feed. The developing powder, which is in a 
box, is attracted by the magnetic poles. The 
attracted developing powder is carried up- 


ward by the rotation of the poles and de- 
velops the electrophotographic paper. Fixing 
is accomplished by heating the paper with 
an infrared lamp. 


4. Experimental Results and Con- 
siderations 


The quality of the received picture depends 
mainly upon the resolution capabilities of the 
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Fig. 5—Samples of the received picture. 


Vidicon and the flying-spot cathode-ray tube. 
For fixed resolution capabilities the resolution 
per unit area is dependent on the length of 
the horizontal scanning line. To receive 
pictures with the same quality as those re- 
ceived by all mechanical facsimile systems 
with 4 to 5 lines per mm not only in the 
central part of the picture but also near the 
margins the length of the horizontal scanning 
line must not exceed several centimeters. 

The intrinsic resolution capability of the 
electrophotographic paper is above 10 lines 
per mm which is sufficiently high. 

Since the Vidicon is used with a single 
line sweep the storage time is short and the 
signal output is small. Therefore it cannot 
be said that the S/N ratio is extremely good, 
but the system is usable for the transmission 
of black and white pictures. Unlike television, 
facsimile is used for the transmission of still 
pictures; therefore special attention must be 
paid to sweep linearity and jitter. 

As the recording speed is dependent on 
the phosphor of the flying-spot cathode-ray 
tube, tubes with P-16, P-11, and P-4 phosphors 
were tried and the results compared. It was 
found that the P-4 phosphor is most suitable 
for use with rose-bengal sensitized zinc-oxide 
paper. When an f:1.5 lens with a focal 
length of 10mm is used the maximum _hori- 
zontal repetition rate is 100c/s and _ the 
maximum paper speed is 10mm per second. 
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This high-speed facsimile was given a field 
trial using a 60-108 ke group band of a 12 
Mc. coaxial cable system. It was found that 
the circuit characteristics were good and that 
passage through the transmission line had 
not caused any deterioration of this picture. 
Samples of the pictures received are shown 
in Fig.5. The pictures shown in Fig. 5 were 
received with a horizontal repetition rate of 
50 c/s, a vertical paper feed of 5 mm per sec, 
and a horizontal scanning line length of 
about 60 mm. 

As mentioned above, the quality of the 
pictures received depends on the resolution 
capabilities of the Vidicon and the flying-spot 
cathode-ray tube, while the speed of trans- 
mission depends on the recording speed. 
Therefore the development of a Vidicon with 
high resolution, a flying-spot cathode-ray tube 
with high resolution and high brightness, and 
electrophotographic paper with high sensitivity 
is desireable. Another method of increasing 
the recording speed would be to record using 
a thin-window cathode-ray tube without using 
a lens system. 


5. Conclusion 


This trial has shown that this electronic 
scanning system is suitable for high-speed 
facsimile with small-size copy. The operation 
of this apparatus is simple because a Vidicon 
is used for transmitting and_ electrophoto- 
graphic paper is used for recording. 

At present transmission is limited to a 
horizontal repetition rate of 100c/s and a 
vertical paper feed of 10mm per second. In 
addition, if good quality is to be expected of 
the received picture the length of the hori- 
zontal scanning line is limited to several 
centimeters. In general engineering problems 
relating to sweep linearity and jitter occur 
with electronic scanning, but there is the 
advantage that the picture may be enlarged 
or contracted as it is received. 
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The Dimensional Accuracy of Molded 
Spur Gears of 610-Nylon’ 


Tetsuo KUDO} and Takashi YAMANARI} 


This paper describes the effects of the number of gates (single and multiple) and their 
shapes on the accuracy of molded spur gears of 610-Nylon, for light load use, whose pitch 
diameter ranges from 5 to 40mm with module of 0.6 and a 20 degree pressure angle. 

In general, injection moleded spur gears made through multiple gates are expected to 
have circles with good roundness, and accuracy better than those made through a single 
gate. Adequate gate position, proper injecting direction, and uniformity of conditions at 
each gate for resin flow are also required. In addition, if a hole or projection (e.g. cam. 
etc.) is located near the circumference of the disk, it causes warpage of the addendum 
circle. The errors and variations of pitch circle and normal pitch, and the “displacement 
over a given number of teeth” increase when the addendum circle has warpage. The ac- 
curacy of moleded spur gears of 610-Nylon which we hape prepared for study show no 
difference for those made through single gates and those made through multiple gates. The 
accuracy limits of these gears ranges from Japan Gear Manufacturers Association standard 


CUISSMOMLOM A 


1. Introduction 


The dimensional accuracy of injection mold- 
ed spur gears made of thermoplastics is often 
decreased by warpage of the disk. 

Usually, the die for injection molding has 
only one gate to inject the resin into the 
cavity. If the moldings are manufactured in 
a die with an unsatisfactory gate, warpage is 
liable to occur. 

If a disk-type molding is made through a 
gate in the circumference as_ shown in Fig. 
1 (a), the circumference of the molding will 
not have perfect roundness. In order to pre- 
vent this deformation, a ring gate as shown 
in Fig. 1(b) can be used. But this procedure 


* MS in Japanese received by the Electrical Communi- 
cation Laboratory, on June 4, 1960. Originally publish- 
ed in the Kenkya Zituydka Hokoku (Electrical Com- 
munication Laboratory Technical Journal), N.T.T., 
Vol. 9, No.9, pp. 1085-1116, 1960. 
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is not always be suitable, since the structure 
of the die becomes complicated. It would, 
therefore, be better to use a die having 
multi-gates as shown in Fig. 1 (c). 


ee 
(a) Through a single gate 


| 


(a) 


— 


(b) Through a ring gate 


lat 


(c) Through multi-gates 


Fig. 1—Disk type moldings made through 
various kinds of gate. 
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It is necessary for the addendum circle of 
a molded spur gear, where the teeth exist, 
to have no warpage. 

It is shown in the paper of K. W. Hall 
and H. H. Alvord‘ that the accuracy limits 
of injection molded spur gears of 66-Nylon 
manufactured through a ring gate ranged 
from commercial class 1 to 2 of AGMA* 
standard (these are equivalent to class 6 to 
7 of JGMA** standard in Japan). These 
gears, had a pitch diameter of 2.5 in. and 
the diametral pitches were 20 and 32 (ie. 


about 1.25 and 0.8 in module). In their 
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paper, however, the tendencies and values of 
the errors were not described. 

In this paper, the results of a study on 
the effects of the forms and number of gates, 
single and multiple, on the accuracy of molded 
spur gears of 610-Nylon for light-load use 
are described. 


2. Samples 
Five kinds of injection molded spur gears 


of 610-Nylon were prepared as shown in 
Fig. 2, i.e., 200 pieces of Samples J and II 
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Fig. 2—Forms and gate styles of samples. (All dimensions in mm.) 
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were made through a single gate and 100 
pieces of Samples [JI to V were made through 
multi-gates (4-gates); and 10 pieces of Samples 
I and [J and 5 pieces of Samples IJ to V 
were extracted for measurement. 


3. Roundness of addendum circle 
(Warpage of disk) 


In general, when a molding having a gear 
and shaft is rotated, with its shaft supported 


G ): Gate 


(«) : Knock out 
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vertically and the addendum circle of the 
gear not having roundness or the molding 
having an eccentricity of center between the 
shaft and the gear disk, wavy motion of the 
addendum circle and pitch circle of the gear 
will occur in the horizontal plane. 

In this paper, only the warpage of ad- 
dendum circle is described, but the eccentri- 
city of center is not considered, because the 
latter is caused mostly by the manufacturing 
error of the die. 


Fig. 3—“Runont” and warpage of sample [| . 
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Figs. 3-6 indicate some typical samples of 
mean values measured for the ‘runout’ of 
the addendum circle, shaft, and insert. The 
centers and deviations from the real circle 
of circumferences for each part can be as- 
sumed by drawing the inscribed or outscribed 
circle of each figure. 


3.1. Influence of Form 


Samples J, Il, and IV have a projecting 
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cam near the circumference of the disk, and 
these circumferences have a partial warpage 
of about 0.005-0.02 mm, as shown in Figs. 
Sit 

Especially, the partial indented warpage 
(shrinkage) of Sample J is larger than that 
of the other samples, since the length of its 
cam is greater than in the cases of the other 
2 samples, although in all cases, the cam is 
located at the same distance from the circum- 
ference of the disk. 


Cam2 


< Shaft 
\ Bearing 


Fig. 4—“Runont” and warpage of sample II. 
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On the other hand, Sample V has a hole 
near the circumference of the disk, so that 
it has partial swollen wargage (less shrinkage) 
of about 0.04 mm. 

If the projection, hole etc. are far from 
the circumference, no influence is observed. 


3.2. Effect of Gates 


The maximum values of warpage of the 
circumference of the disk and shaft assumed 
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by the previous measurement are shown in 
Table 1. This table gives the values for two 
cases where the partial warpgges which are 
caused by projections and hole are and are 
not taken into account. 

In order to give information on the affects 
of the gate type and injecting direction of 
the resin on the warpage, the latter case is 
considered in this section. 

Values measured on the circumference of 
the disk and shaft of Sample IJ made 


\ 
\ 
\\ 


ae 
Center of (4) 


| 
mf) 


Fig. 5—“Runout” and warpage of sample IV 
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through a single gate and on Sample [V 
made through multi-gates, both having similar 
form, are shown in Figs.3-5. The shaft of 
Sample VY made through multi-gates has 
good roundness, as compared with Sample [ 
made through a single gate. 

This result is supposed to be caused more 
by the difference in gate position and _inject- 
ing direction of the resin flow rather than 
by the number of gates. 

There is no difference in the values of 
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warpage of disk between Samples [ (by 
single gate) and IV (by multi-gates), because 
these gears have a partial warpage corres- 
ponding to the gate position. 

Sample JI, as shown in Fig.4 has good 
roundness, because it is made through gates 
suitably positioned. Sample V is made 
through multi-gates having a location similar 
to those used for Sample III; but the warpage 
of the former is larger than that of the 
latter, as shown in Figs. 4 and 6. This war- 


7 ~V-block 


Fig. 6—“Runout” and warpage of sample VY. 
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Table 1 


MAXIMUM DEVIATION OF CIRCUMFERENCE FROM ASSUMED REAL CIRCLE 


= 


— 


Partial deviation* from assumed real circle 
i i S ] Part Gate 
ee cation eae ie Not considered Considered 
I Gear Single less than 0. 015 less than 0. 020 
Ya Ya Ya 0. 015 same as left 
0 : aA a = ae 
Pinion u 4 0. 015 Yu 
Multiple (4 gates) 
Il Gear Saree he cisetercnee uv 0. 005 less than 0. 020 
Disk = — — = 
WV Yi eae ae uw 0.015 same as left 
Multiple (4 gates) 
a Near the circumference G 0. 010 less than 0. 045 
Vv —- 
Pinion 7 Y 0. 020 same as left 
I Shaft Single u 0. 035 — 
I “ Yu uw 0. 005 — 
Shaft | = = oye = = 
| ow y Multiple (4 gates) v 0.00 | a 
| 
tiny’ 4 Y | 7 0.005 wae 
: ) (mm) 
Not by effect of gates, but hole and projection as considered in Section 3.1. 
Sample II 
+0.03 “ON wa aoe 
+0.02 a A _ Addendum circle 
ee ‘ ‘ niche 
€ +001 e Sn Dee ie t 
ee AC | 
= “| - a 
3 00) VY Lert on Se we = 
en ao aN NAT No 
—0.02 \Y 
5 a 
10 15 20 25 30 35 40 


Tooth Number 


Fig. 7—Deviation of pitch circle and addendum circle. 
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1.765 
Meen normal pitch error 50.028 mm 
Max. normal pitch error (Max, deviation trom Specified value) 4 -¢ 042mm 
1.760 Max.pitch error (Max. deviation from mean value) :0.023mm : 
Max.pitch variation 20.027mm 
(Specified normal pitch 21.771mm) 
1.7554 
1.750 sie § 
S 
Be as 
S Gees} Mean vaiue 
: 
Z 1.740 
12735. 
NHS) 
1 10 20 30 40 50 60 
Tooth Number 
Tooth Number 
1 10 20 30 40 50 eu 
“| : Mino 
i \ 
0 | = 
\ | Max Index Error | 
| | 
Brine \ \ $e My 9 505 i =0.154mm 
eM = | 
0.10 Ny (cam2)7— T | T (caml) 
q san | fis ak 
oS VA fe t 
2 0.15 ia ‘a 
00 
: | 
>) 
S = 9.70 — | y | 
5 | 
E 5 
e025 ir 0.505 ° 
= 
2 ices 
x —0.30 FF 
= ft 
{ =t 
—0.35 il a | 
e 
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—0.40} —+—— | | 
é 4 — | at 
—0.45 ;j / { 
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Fig. 8—Normal pitch of sample |. 
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page may occur because of the inequality of 
each gate condition. It may be concluded 
from the results obtained above that it can 
hardly be expected that the addendum circle 
of molded gears made through multi-gates 
will always have good roundness. 


3.3. Conclusions of This Section 


In general, injection molded gears made 
through multi-gates are expected to have 
addendum circles with good roundness. 
Proper gate position, injecting direction, and 
uniformity of each gate condition for resin 
flow are also required. 

If a hole or projection (e.g. cam. etc.) is 
located near the circumference of the disk, 
it will cause warpage of the addendum circle. 
For instance, in the case of Sample III, good 


Mean normal pitch error : 0.005mm 


Max. pitch error 
Max. pitch variation £0.017mm 


1.790)Max. normal” pitch error (Max.deviation from specified value) e || 
(Max. deviation from mean value) 0.014 mm 
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roundness is supposed to be obtained without 
any partial warpage affected by the cam 
projection. 

Each maximum value of the warpage of a 
molded gear given in this paper shows no 
difference whether it is made through a 
single gate or multi-gates. 


4. Pitch Circle 


Fig.7 shows the variation of pitch circle 
measured by means of an over pin method 
and the addendum circle with shaft support- 
ed for Sample JJ. These curves roughly 
coincide with each other, but are different in 
detail, since the measured values by the over 
pin method include not only circular errors 
but also the errors of tooth profiles and 
pitches. 


(Specified normalf pitch :1. 771mm) 


Mean value 


M 


Specified value. 


Normal Pitch(mm) 


| 
7 . 
a Cam1 
(> © A 4} 
(6 2) C 3) C4 
20 30 40 50 60 
Tooth Number 


Tooth number 


( 


Cam2) 
=e 


Maximum Index Error (degree ) 


Fig. 9—Normal pitch of sample [I]. 
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The amplitude of variation of the pitch 
circle for each sample is about 0.06 mm in 
all. cases. This value ranges from JGMA 
standard class 6 to 7. 


5. Normal Pitch of Teeth 


The mean values of the normal pitch of 
teeth for some samples measured by a micro- 
meter-microscope are shown in Figs. 8-10. 

The pitch values of Sample J shown in 
Fig. 8 tend to be relatively small near the 


1.790 


1961 


LOS, 


cam projection and gate, while those of 
Sample V (see Fig. 10) tend to be relatively 
large at the hole. This tendency corresponds 
to warpage of the addendum circle. The 
pitch variations of Sample II] showing good 
roundness are smaller than those in other 
cases as shown in Fig. 9. 

The conclusion is that, if the addendum 
circle shows good roundness, the variation of 
the pitch of the gear teeth will be small. 
Furthermore, the normal pitch errors of a 
gear include the errors of angle dividing and 


1.785 3 | 
Mean normal pitch error :0.010inm 
Max.normal pitch error(Max deviation Specified value): 0.021mm 
1.780 | Max. pitch error (Max deviation from mean value) :0.026mm 
Max.pitch variation :0.033mm 
(Specified normal pitch £1,771) 
1.775 ie 
= Specified value 
Sele) 
s 
ro 
@ 1.765 AN 
2 
(1.761) - -+ Mean value 
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\ if 
© | 
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| | 
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Sileele 
1.745: 
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t—— Hole 
8 O05) in 
i) 
ao 
= 
5 0 
w 
& (oval 
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£ 
s 0.10 t 
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Fig. 10—Normal pitch of sample V. 
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Table 2 


NORMAL PITCH ERRORS 


= | | 
| —= = aod = ee = | = ——- — — f = = —_ — 
Pitch dia. 37. 8 mm 24mm | 37.8mm | 378mm | 24mm 
St cares a eee oe : | 
Value | JGMA | Value | JGMA'| Value | JGMA | Value’ JGMA | Value JGMA 
HO SS (4) | class Ce) | class | Ce) class mle Ge) class | (2) class 
iy - bi 7 | ; : + | ~c 0. e oal Seen e 
Mean Normal Pitch —28 Se ee 18a = 1) . —- —9 aT) aw —— 
Max. Normal Pitch  —42 oe ees | AS 5 | ee eT 6 
3 oe _| ze ee = 
Max. Pitch Error BS) 6 | 14 5 14 5 We 5 26 G 
Max. Pitch Variation | Di 6 18 a | 17 By 25 6 33 7h 
| ary. hall 
Max. Index Error 154 @ 39 4 | 43 4 far 6 Pos) 4 
Total — ig Na i — 5 — 6 a Th 
= 1 10 20 30 
€ 
S : om 
oe G2 
3 0.01, tt Cama) 
mo) ‘| | 
= 0.02 ay A oie 
a ola NA lot! 
pe LARISA 4 
ae 
3 a4 
ey 
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Fig. 11—“Displacement over 
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a given number of teeth” of sample II. 
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Fig. 12—“Displacement over a given number 
of teeth” of sample Y. 


VOLUME 9, NUMBERS 3-4, MARCH-APRIL, 1961 


231 


Table 3 


“ 
DISPLACEMENT OVER A GIVEN NUMBER OF TEETH” 


| | if 
Sample Specified Value | & G | R 


x | JGMA | 
| | Max. Error lees Note 
al | | 0.009 0. 040 Measured for any 10 
: points per 10 samples. 
8.10 | 
I (Gear) G teeth) 8. 085 0.013 | 0. 060 —0.040 6 y 
a 2.94 ‘re oe 3 
I. (Pinion) 2.897 | 0.006 0. 020 =0, 05 Measured for any 6 
(2 teeth) | ‘ Ue a points per 10 samples. 
13. 472 We lee 2 
I 13. 457 0. 005 0. 024 fae _ Measured for all points 
(8 teeth) | 0. 038 6 | per 5 ennles 
l<~ 18.472 =a ; | 
IV . (8 teeth) 13, 427 0. 007 0. 030 | —0. 061 a | Y 
8. 033 | : 
V Gin | 20ls 0.010 | 0.042 = 0.037 4 6 | y 


(in mm) 


* The standard number of teeth over which this measurement is to be made 
is teeth, but these measurements were made over 6 teeth. 


tooth profile of the die at the time of manu- 
facture, and these errors should be little. 

The pitch errors of each sample are with- 
in the accuracy limits of JGMA standard 
shown in Table 2. Here, Sample JI] belongs 
in class 5, because its roundness is better 
than that of others which belong in classes 
Geang. 7, 

The pitch error, pitch variation and maxi- 
mum index error except the partial warpages 
caused by projections and holes should to be 
within the accuracy limits of JGMA  stand- 
ard classes 5 and 6. 


6. “Displacement over a Given 
Number of Teeth” 


Some examples of the measured results on 
the “displacement over a given number of 
teeth” are shown in Figs.11 and 12. The 
number of teeth in these figures represents 
the number of centers of the teeth measured. 
The variation of Sample I (see Fig. 11) 
having good roundness of the disk is small 
as in the case of normal pitch variation. On 
Sample V, the influence of hole near the 
circumference of disk appears clearly, as 


shown in Fig. 12. 

The accuracy limits of these samples are 
shown in Table 3, and as a whole, these 
gears are within the accuracy limits of JGMA 
standard classes 6 and 7. 

If the mean values measured for each 
sample are correct, the variations (i.e. 3a) 
will be within 0.04mm, and this value cor- 
responds to JGMA standard class 6. 


7. Conclusions 


In general, injection molded gears made 
through multi-gates are expected to have 
good roundness of addendum circle and ac- 
curacy better than similar gears made through 
a single gate, and suitable gate position and 
injecting direction as well as the uniformity 
of each gate condition for resin flow are also 
required. 

In addition, if a hole or projection (e.g. 
cam etc.) is located near the circumference 
of the disk, it will cause warpage of adden- 
dum circle. 

In general, the errors and variations of 
pitch circle, normal pitch and “displacement 
over a given number of teeth” increase with 
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the warpage of the addendum circle. 

The accuracy of molded spur gears of 610- 
Nylon, which the authors have prepared and 
whose pitch diameter ranges from 5 to 40 
mm with module of 0.6 and 20 degree pres- 
sure angle, show no differenece according to 
whether they are made through a single gate 
or multi-gates, because these gears have holes 
or projections near the addendum circle and 
have not been made by suitable gate design. 

The accuracy limits of these gears range 
from JGMA standard class 6 to 7. 

The accuracies of molded gears of 6 and 
66-Nylons are expected to be the same as in 
the case of 610-Nylon, and these results may 
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be applicable to other similar moldings. 
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Triple Balanced Modulator using 


Binocular Type Cores’ 


Takashi ITO} 


Research on the Triple Balanced Modulator (T.B.M.) has been carried out to simplify 
parametron control systems and to obtain higher control rates. 

The T.B.M., which consists of several nonlinear elements and a suitable power supply 
circuit, 1s a control circuit with three input terminals and one output terminal which 


functions as an amplitude gate or as a phase product circuit. 


In these experiments, binocular-type magnetic cores were utilized as the nonlinear ele- 
ments of the T.B.M. As a result the basic characteristics of the T.B.M. were obtained 
and the problems to be considered when the T.B.M. is applied to parametron control 


systems have been determined. 


Introduction 


The Triple Balanced Modulator is a control 
element with three input terminals and one 
output terminal which serves as an amplitude 
gate or a phase switch which produces the 
triple product of binary codes which repre- 
sent phases. If utilized as a phase switch, it 
is effective in simplifying circuit arrangements 
and increasing control rates. 

With the view to applying the T.B.M. to 
the switch-selection code circuit of a fully- 
electronic switching system, the author em- 
ployed binocular-type ferrite cores as the 
nonlinear elements, and conducted some basic 
experiments on the relation between the non- 
uniformity of the magnetic characteristics and 
operation of the T.B.M.; especially on the 
phase switching characteristics for the case 
when the T.B.M. is applied to a parametron 
control system. He also performed some 


¥* | 
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Kenkyti Zituyoka Hokoku (Electrical Communication 
Laboratory Technical Journal), Vol.9, No.7, pp. 739- 
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tests of a system in which the selection code 
circuits utilize both the T.B.M.’s and para- 
metrons. The present paper describes the 
results of the experiments and _ interprets 
their meaning. 


1. Principle of the T.B.M. 


Fig. 1 shows the basic circuit of the T.B.M. 
The symbol 0 in the figure signifies a non- 
linear element, which is a circuit element 
with three pairs of input and one pair of 
output terminals that is equipped with a 
voltage or current supply circuit so as to 
satisfy the orthogonal condition. The circuit 
arrangement may be more or less changed 
according to the kind of drive, voltage or 
currents, of the nonlinear element, but the 
circuit function is the same in principle. 

Fig. 2 shows an actual circuit of the T.B.M., 
in which toroidal magnetic cores are employ- 
ed as the 4 nonlinear elements. The dotted 
lines illustrate the configuration when the 
toroidal magnetic cores are replaced by bi- 
nocular-type cores. 

If the input ampere turns of each magnetic 
core in Fig. 3 is assumed to be wv 2 Acosot, 
the output voltage e of the magnetic core is 
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Inout 


ees 
Nios 
IG & 


Out put 


Fig. 1—Basic circuit of the T.B.M. input, output. 


Magnetic Core 


Fig. 2—Current shape T.B.M. circuit with ring 
magnetic cores and binocular magnetic 
cores (dotted line). 


Magnetic 
ore 


Fig. 3—-Input ampere turns of each 
magnetic core. 
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generally given by the following formula: 


e=n wv 2 (B:A+f2A?+BsA3 +--+ ) sin (wf—¢@). 
1) 


Therefore, if the effective value of e/m is as- 
sumed to be E, B2<f1, and f2<f3, the fol- 


lowing approximate formula will be obtained: 


If the 4 magnetic cores of the T.B.M. have 
identical characteristics of the type given in 
formula (2), and if the input ampere turns 
of the magnetic cores are V2 Aj, V2 Ao, 2 As 
respectively for the three inputs A, B, and 
C, the output voltages per turn in magnetic 
cores E,, E>. Es, and. Ey: 


E,=8:(A,;+ A2+As3) +$3(A1+ A2+As3)? 
E.o=Bi(A1—A2— As) +$3(A1—A2—As3)? 
E3=f81(—A,+ A2—A3) +83(—A,+A2— As)? 
E4y=8,(—Ai—A2+A3) +83(—A,—A2+As3)*. 
Therefore 
Ey=E, +5 4-By+ b= 240 AGA An, ee 


This equation means that output voltage of 
the T.B.M. is proportional to the product of 
the three input ampere turns A,, A», A; and 
the coefficient 8; based on the nonlinearity of 
the magnetic core. Eq.(2) represents the 
function of the T.B.M., and is generally ef- 
fective without restriction on the magnetic 
core, provided that the nonlinear element has 
the form of nonlinear characteristic given by 
Eq. (2). This means, as E. Goté has express- 
ed, that the T.B.M. functions as the following 
analog circuits: 
(1) triple coincidence circuit 
(2) triple balanced modulator 
and as the following digital circuits 
(3) triple and double coincidence circuit 
(4) triple product circuit (i.e. triple phase 
Switching circuit) if phase binary code 
is taken into consideration. 


len a 
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Table 1 


FUNCTION OF T.B.M. ON BINARY CODE 


Signal Amplitude Binary Code 1 or o | Phase Binary Code 
1 Bile Saaee f + (phase 0) or — (Phase z) 
A 1 1 0 0 1 | 1 0 an heel em 2 ep | —-| + 
| | 
_-——||- a oe eee Bs ss 2 wa a os eee 
| | | 
Input BE] 0_| 5 ss Ley OO Pe me) a ke) Se ee 
es — | | | | 
Bee? oe 
| | | | 
6 Ca Steir to) 0.) ee ace” SSS 8 | on ee 
Output | E | 1 | 0 O10) | Om; 0 0 ae cl a = eee = = = 
lem 7 2 eel | mn a a = | | 
| = a a = 
~Function Triple Coincidence Triple Product 


The amplitude function of the triple coinci- 
dence and the phase function of the triple 
product are tabulated in Table 1. 


2. Chief Aim of Experiment 


The function of the T.B.M. is, as may be 
seen in the above from its operation princi- 
ple, decidedly determined by the following 
factors. 

(1) nonlinearity of magnetic core as given 

by Eq. (2) 
(2) orthogonal condition of 
shown in Fig. 3. 
In other words, a magnetic core with non- 
linearity of which the second coefficient [2 is 
as small as possible while the third coefficient 
B3 is as great as possible, is desirable. 

However, even if the nonlinearity of the 
magnetic core cannot be expressed by Eq. (2), 
the consequence is nothing more than _inef- 
fectuality of Eq. (3), and the function of the 
triple product is still preserved. So it may 
be concluded that factor (1) is not so im- 
portant compared with factor (2), ie. the 
orthogonal condition of the circuit that con- 
tains four magnetic cores. 

Moreover the nonlinearity of the magnetic 
core (See Table 2) varies greatly with the 
type of magnetic core used, and even for cores 
of the same type variations are large, and se- 
lection for cores with a low value of {2 causes 


circuit as 


Table 2 


DIFFERENCE IN NON-LINEARITY BETWEEN 
MAGNETIC CORES 


; =, Coefficient | 
ae | Bi Be Bs 
_ Magnetic Core ~——__| ee 
LD; | 0. 33 0) Al 2.29 
L2D, | 0:36 (OMas 1.04 
L,D, (High Temper- 0. 36 0.75 0.53 
ature Treatment | 
y | 0.320.003 tier 
LD; | “0.26% “O18 F706 


a low yield. From these considerations, the 
present experiment has been carried out with 
greater stress on the orthogonal condition, 
especially on the effects of the degradation 
caused by the nonuniformity of magnetic core 
characteristics on the function of the T.B.M., 
and much consideration was given to phase 
characteristics for the case when the T.B.M. 
is applied to parametron control systems. 


3. Magnetic Core 
In the experiment MnZn Ferrite binocular- 


type parametron magnetic cores produced by 
the Tohoku metal Co. were chiefly employed 
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Fig. 4—Shape and size of binocular magnetic 
core (mm). 


Their size is given in Fig. 4. 

The use of a binocular-type magnetic core 

is more favorable because 

(1) it enables better uniformity of magnetic 

- characteristics to be obtained than 4 
with toroidal magnetic cores. 

(2) it unifies the kind of magnetic core, 
for the binocular type magnetic core 
is the standard type for parametrons. 

(3) it facilitates winding operation and 
detection of errors more than the 
toroidal type does. 

In practical use, however, economy is an im- 
portant factor, so it would be rash to say 
only for the above reasons that binocular-type 
magnetic cores are preferable to toroidal cores. 
Fig. 5 is an example of the w-H character- 
istics at 1 Mc/s of the binocular-type magnetic 
core used in this experiment. 


4. T.B.M. as Amplitude Gate 


This experiment was carried out, as men- 
tioned above, with greater stress on the 
function of the T.B.M. utilized as a phase 
switch. But, the T.B.M. also functions as an 
amplitude gate; an example of this charac- 
teristic is shown in Fig. 6. 

Fig. 6 shows the relation between: the input 
ampere turns, within the range of 5-50 mAT 
at a frequency 2 Mc/s, and output level when 
three input signals are ON (ON in the figure), 
and the relation of the input ampere turns 
to output level when one or two input signals 
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Fig. 5—Typical 4-H characteristic of binocular 
magnetic core. 
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Output Level 


5 10 iy 20) 30 40 50 
Input Ampere Turn (mAT) 


Fig.6—Amplitude gate characteristic 
of the T.B.M. 
ON=Output level when 3 inputs are supplied. 
OFF =Output level when 1 or 2 input are OFF. 
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are OFF (OFF in the figure). The difference 
between the two levels gives the switching 
ratio per input ampere turn. Though the 
switching ratio is determined by the ortho- 
gonal condition, and especially by the degree 
of balance of the magnetic characteristics 
among the four holes of the magnetic cores, 
values of switching ratio of about 20 dB at 
25mAT and about 30dB at 50mAT are 
obtainable by keeping the nonuniformity of 
inductance per turn of each hole (AL,/L») 
within the limit of +3%. 


5. T.B.M. as Phase Switch 


The problems to be considered concerning 
the phase switching function of the T.B.M. 
are itemized into the following three: 

1) phase nonuniformity of switched output 

signals 

2) phase shift in signal current caused 

the circuit including magnetic core 

3) input signal ampere turns, output signal 

amplitude and phase. 
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Fig. 7—Shift and nonuniformity input current 
phase. 
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These three problems discussed in detail 
in the following sections. 


5.1. Phase Nonuniformity of Output 
Signal 


When three input currents 71, 72, and iss 
are applied to the T.B.M., as in Fig.7, the 
output current is. has a phase difference of 
¢ or ¢+x with respect to the input circuit. 
This phase difference of ¢ will be called the 
phase shift, and that output signal phase 
distributed within the range of +A¢ will be 
called the phase nonuniformity. 

This phase nonuniformity is caused by the 
unbalance of the magnetic characteristics of 
the magnetic cores and is determined by 
input ampere turns, as is seen in Fig. 8. 

Fig. 8 show the results of measurement of 
the phase shift of the resonant output current 
(@ in relative value), nonuniformity of the 
switched phase (A¢), output voltage (Vo), 
and nonuniformity of output voltage concern- 
ing three kinds of T.B.M.’s, each of which 
is constructed with one of the three different 
kinds of binocular magnetic cores. These 
core are chosen as their AL)/Ly are within 
3%, 3% ~6%, and 6%~10% respectively. 
Phase shift and phase nonuniformity are 
measured with Lissajous figure on a cathode- 
ray tube, so the accuracy may not be very 
high, but the general tendencies are recogniz- 
able. 

For instance, nonuniformity of the output 
voltage tends to become greater in proportion 
to non-uniformity of Ly) in magnetic cores. 
The same tendency as above is also observed 
for switching phase though it is not so evi- 
dent as in the case of output voltage. Phase 
shift scarcely tends to change so far as the 
tuning capacitance and the center value of 
Ly do not vary largely. Nonuniformity of 
switching phase decreases in general in pro- 
portion to increase of current value, while 
that of the absolute value of voltage decreases 
at smaller range of AL)/L» and increases at 
greater range of it. The value of Vee 
tends to decrease in general as in Fig. 9. 
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Fig. 9—Relation between input ampere turns 
and AV/V. 


5.2. Phase Shift 


In case the T.B.M. is coupled to the stages 
of a parametron, it is presumed that phase 
differenee between input and output either 
diminishes to the same phase (0) or grows 
to the opposite phase (z), and that hysterisis 
of the magnetic core produces phase shift ¢; 
as is seen in Fig. 10; furthermore, that when 
the output circuit is at resonance it causes 
phase shift ¢2. If the phase difference of ¢; 
+¢2grows too large, the phase of the output 
signal of the T.B.M. may fall into the non. 
sensitive region of the parametron where the 
control of parametron becomes unstable, or 
if worse, impossible. 


Fig. 10—Phase shift in magnetic core and 
Output circuit. 
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Phase shift ¢, of a single magnetic core is 
given by the following equation: 


pacity 
32: Hn 
Ay +02» +a 3H2m pe 


on —scaiien (4) 
where aj, 2, a3,.... and 7 are the constants 
dependent on the materials used in the 
magnetic core, and H,, is the maximum value 
of magnetic field. 

If H, is sufficiently small, ¢, may be negli- 
ble, but when the T.B.M. with binocular-type 
magnetic core is driven by the output signal 
of a parametron, ¢; is nearly equal to 10°. 

If ¢; is assumed to be the phase difference 
between primary current 7, and secondary 
current z: before the T.B.M. is at resonance, 
it may be that ¢,=2z/2 at resonance; the 
resistance component of the secondary circuit 
being neglected. 

And when a T.B.M. with a binocular-type 
magnetic core having four 5-turn input wind- 
ings through each hole is coupled with a 
parametron and the output circuit tuned with 
a capacitor of 1400-1600 pF, ®,=(¢,+¢2) be- 
comes 74°-75°; the reactance component being 
neglected. 


C =1520pF 
[5.0 
150° - 
4.0 Xe 
120° tes 
= 
a 
> 
a 90°430 . 
l | © 
cae 
lone 
a0 i 
eo 
1.0 
gl 


0 Se a mt 2——— = — 
1000 1200 1400 1600 1800 2000 2200 
Xe 2) 


Fig. 11—Measured value of phase shift 
in the T.B.M. 
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Fig. 11 is an example of an experimental 
value which is in good agreement with the 
value predicted above, although this charac- 
teristic changes in accordance with the current 
value and the combination of three input 
phases. 


5.3. Input Signal Ampere Turns and 
Output Signal Amplitude 


In the T.B.M. circuit of Fig. 12, we assume 
that input currents are applied in the direction 
which arrows point, (assuming that the current 
and winding of each coil remain the same). 
Therefore the direction and the magnitude of 
magnetic force acting on each core are given 
in the figure, one output voltage of the 4 
magnetic cores being E34), while those of 
the other three cores are all —E a). 


Lhd O Fe 
ay * = (=) —E(A). 
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ee 
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Fig. 12—Relation between input ampere turns 
and output voltage in each magnetic 
core. 


As is seen in Fig. 13, the sum of output 
voltages produced in three magnetic cores 
magnetized in the negative direction with the 
magnitudes of 3E,4, is smaller than that of 
one core magnetized E.34, in the positive di- 
rection, if compared in absolute value. This 
difference may be due to nonuniformity of 
magnetic cores. As a result, the voltage Ev.) 
—3E 4 is generated as the output of the 
TEBE 

From the typical nonlinearity of the mag- 
netic cores used in the experiment, an output 
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Fig. 13—Nonlinearity characteristic of magnetic 


core and output voltage. 
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Fig. 14—Measured value of output voltage, 
output voltage, peak value. 
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voltage of @(=Ewa)—3Eca) is calculated vs. 
input ampere turns within the range of 0~ 
2 AT (peak value). The result is shown in 
Fig. 14. 

The fact that this characteristic has a peak 
and goes below the range of e,.<0 may be 
due to the influence of the change in non- 
linearity of the core, i.e., as the ampere turns 
increase, the magnetic state of the core reaches 
to the upper saturation region of the hysteresis 
curve. 

Data concerning a standard 5-turn winding 
the T.B.M. driven by parametrons are in the 
following. The ampere turn is in the range 
of 0.2~0.3 AT (peak value) and the open 
circuit output voltage e is below 10 mV. 
Therefore, it is difficult to drive a parametron 
by the direct output voltage of the T.B.M. 
without tuning the output circuit. At present, 
as the standard parametron is of the current 
coupled type, the T.B.M. output must be 
tuned. Owing to this connection, unstability 
due to phase shift described in the section 
5.2 appears, but, as the output current is 
obtained by about 4mA as in Fig. 11, the 
amplitude of which can be determined nearly 
to that of a coupling current got in logical 
circuits composed only of parametrons, and 
the form of current wave can also be im- 
proved. 


Parametron TBM. Parametron 


from previous 
Stage Prametron 


Fig. 15—Connection of the T.B.M. with 


parametron. 


5.4. Input Ampere Turn and Output 
Signal Phase 


The relation between the input ampere 


turns and the output signal phase has briefly 
been described in Fig, 8, Les 
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(1) Phase shift does not vary much with 

increase in the input ampere turns. 

(2) Nonuniformity of phase generally di- 

minishes in proportion to increase in 
the input ampere turns. 

Phase shift shows slight lag in proportion 
to increase in the input ampere turns, but in 
this case it is due to the fact that detuning 
is caused by decrease of inductance through 
decrease of effective permeability, and it is 
clearly seen in Fig. 11 that phase lag appears 
in accordance with increase in input ampere 
turns. 

On the other hand, as the operation is al- 
most linear within the limit of small input 
ampere turns, the difference of the subtraction 
Esy—3E.a4) shown in Fig.13 becomes so 
small that it becomes difficult to discriminate 
phase and moreover nonuniformity develops. 
Fig. 16 is given in order to make these pro- 
blems clear, though it is not from the data 
of the magnetic cores employed in the experi- 
ment. The abscissa values represent phase 
difference of the output current from the 
input current, and the ordinate values output 
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Fig. 16—Decrease of phase switchiug ability 
in the range of small input ampere 
turns. 
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voltage (peak voltage at the terminal of the 
tuning capacitor). The figures at each mea- 
sured point show values of input signal cur- 
rent. 

There appear two groups around +90° 
according to the combination of the three 
input signal phases, which are the switched 
phases corresponding to 0 and z. 

It will be noticed here that phase discrimi- 
nation is impossible in case the value of 
current is below some particular point, and 
that phase nonuniformity diminishes inversely 
proportional to increase in current value. In 
this case, each winding of one input circuit 
has five turns, and the measuring frequenry 
is 1. Me/s: 

The reason why the phase switched to 0 
or z hardly shows any shift in spite of in- 
crease in input ampere turns is that the date 
were after the circuit was retuned for each 
measurement. Consequently input ampere 
turns of about 50~100 mAT may be appro- 
priate in one winding of one input circuit 
from considerations of the current and wind- 
ing supplied by the parametron. 
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{ 
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Fig. 17—Measuring circuit for control test 
of parametron by the T.B.M. 


6. Drive of Parametron 


Fig. 18 illustrates the limit within which 
output signal phase of a parametron can be 
controlled by input drive. This result was 
obtained with the meauring circuit shown in 
Fig. 17 by changing phase converter CV of 
each input, and shifting the output signal 
phase by varying the T.B.M. output tuning 
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Fig. 18—Control region of the T.B.M. con- 


nected to parametron. 


capacitor. 

The shaded portions of the figure are the 
uncontrollable regions of parametron phase. 
The left uncontrollable region is perhaps 
caused by tuning to 2 Mc/s, as the small peak 
of the output current 7. curve suggests, and 
the right one by decrease of the output cur- 
rent below the magnitude of critical coupling 
attenuation. The latter region generally ap- 
pears above 3,000 pF capacitance, though there 


is a great difference between individual the 
T.B.M. 


Insensitive Region 
cf the Parametron 


Insensitive region 
of the Parametron 


Fig. 19—Insensitive regions of parametron. 


REVIEW OF THE ELECTRICAL COMMUNICATION LABORATORY 


The middle shaded region appears around 
the 1Mc/s tuning point, and its width is 
narrow in comparison with the former ones. 
It is easy to see that there is an insensitive 
portion of parametron response at 90° +A¢ 
as shown in Fig.19 and that the phase of 
the output current i: of a T.B.M. leads that 
of the input current 7, by 70°~80° when 
tuuing is arranged in the output circuit. 

Thus if we adjust the tuning of a T.B.M. 
output circuit correctly, the output signal of 
the T.B.M. is theoretically very critical to 
parametrons and may not be practically sensi- 
ble by parametrons in next stage. By these 
reasons, this insensitive region of T.B.M. 
occurs. 

From the above result, it may be said that 
region A or B should be preferred to obtain 
the optimum value of T.B:-M. output circuit 
tuning capacitance, but with a little more 
consideration, it will be concluded that region 
B, especially at about C of 2000 pF, is the 
most appropriate, for; 

(1) region B is by far wider than region 

A 

(2) if C is arranged in region B, especially 
at the value of 2000 pF, phase shift of 
the T.B.M. output signal current is so 
small as to diminish the danger of 
approaching the insensitive region of 
the parametron, and besides, nonuni- 
formity of phase shift is kept rather 
small. 

(3) current decrease by detuning does not 
matter if the magnitude of critical 
coupling attenuation is taken into con- 
sideration. 

(4) when T.B.M. input circuits are con- 
nected in series, or when the output 
circuit is branched off, region A gets 
narrower, while region B remains al- 
most unchanged (This will be de- 
scribed in detail later). 

(5) a component of 2 Mc/s enters region 
A in some measure. 

Fig. 20 shows the measured limit of con- 
trollable phase of the parametron to the 
change of C when the parametron is driven. 
This test was conducted with 5 T.B.M.’s 
using a magnetic core whose value of ALy/Ly 
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Dotted lines show the regions in the case of the 
series connection of an input circuit with the 
input circuits of six other T.B.M.s. 


Fig. 20—Difference of controllable regions 
between elements. 


Fig. 21—Series connection of input circuits. 
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is within +5% (AL)/Lo< +5%). The results 

enable us to know the difference of width 

between the upper and lower regions, and 

nonuniformity in the uncontrollable regions. 

The characteristics of the parametrons and 
T.B.M.’s employed in the experiment are; 

Parametron 

magnetic core: binocular-type manu- 
factured by Tohoku 


Metal Co. 
primary windings: 1 turn x2 
secondary windings: 9 turns x 2 
exciting current: 0.35 A( f=2 Mc/s) 
bias current: 0.55 A 
capacitor: =4000 pF 
resistor: 400 Q 


about 2V measured 
at terminals of 400Q 


oscillation voltage: 


T.B.M. 


magnetic core: 
input windings: 


Same as parametron 
5 turnsx4 for each 


input 
output windings: 5 turns x 4 
capacitor: 1000~2000 pF 
input current: 5mA 
output current: 2~4.5mA (at reso- 
nance). 


7, Series Connection of T.B.M. Input 
Circuits and Branch Connection of 
Output Circuits 


7.1. Series Connection of Input Circuits 


When a parametron supplies many T.B.M.’s 
with current as shown in Fig. 21; that is, 
when T.B.M. input circuits are connected in 
series, the controllable region of the para- 
metron generally becomes narrower. The 
dotted lines in Fig. 20 are examples of this 
tendency. 

The following two reasons may be given 
as causes: 

(1) inconstancy of input current due to 

series connection 

(2) lag of input signal phase due to series 

connection. 
The results of the test show that the affect 
of cause (1) is almost negligible; and that for 
cause (2), only inputs connected in series pro- 
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Fig. 22—Change of input current phase due to e 
series connection of input circuits. | | \ 
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Py i 


| 
duce the phase lag shown in Fig. 22. backers 
The 


However cause (2) can be removed. 
phase of the current in the circuit composed 
of 3 inputs or circuits connected in series in 
common is different compared with those of 
2 input circuits connected or single input 


circuit only. oe c 
Therefore adequate coils for phase com- ; 
pensation are added in series in the latter { l 
two cases respectively so that in all cases : j 
we get nearly equal phases of input currents, /| Non sensitive 
and then compensating phase shift of output : [ ls region of the 
signal due to the application through adjust- 5 parametron 
ment of tuning condenser. In this case, non- © : 
uniformity of Ly of the magnetic core exerts are a i | pe — 
a great influence, and so much attention as / 
should be paid to this for a system requiring 52 / 
many series connections. BS Ss = = +——— 
ee 
7.2. Branch Connection of Output Circuit = = | 
Za 5 aaa t 
The following considerations must be taken / 
when the T.B.M. output is branched into I 
several parametrons (See Fig. 23). 6 ee} + 
(1) decrease of output current due to in- 
crease of load impedance : 
(2) phase shift of output signal ane a iat 
As the T.B.M. output and the parametron wy eS a ae 
are coupled together by a winding of one C (pF) 
turn on a 8mm diameter magnetic coil, the . | 
impedance is so small that ee of output Whe. 24S Change Of cot ee 


: to branch 
current (1) matters little. But as turning point anch of output. 
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Fig. 25—Switch selection coding circuit. 
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of output circuit varies a great deal even 
with slight change of such small impedance, 
consequently output signal phase shifts as a 
matter of course, and the controllable region 
of the T.B.M. moves to the left. (See Fig. 


24) 


8. Experiment of Coding Circuit 


In the w-switching system, binary signals 
of 18 or 6 bits are applied for the selection 
of a line switch of 256 points or for the se- 
lection of a trunk switch of 16 points. 

In order to improve the reliability of se- 
lection redundant codes of 10 and 2 bits are 
added to the binary signals. The circuit- 
producing switch selection signal with the 
added redundant codes is called the coding 
circuit, and is shown in Fig. 25. Addition of 
three variables is carried by the T.B.M. and 
one parametron at its output; but if one 
wants to add only with parametrons, four 
parametrons in two stages are required. 


x4 
x2 


X3 


Fig. 26—Three variables adding circuit 
using paremetrons. 


Therefore the number of parametrons need- 
ed is cut in half by employing 14 BiVvies. 
the number of stages reduced from 5 to 3; 
the circuit is simplified, and the control rate 
is improved. 


8.1. Driving Test 


The test was conducted with the view to 
ascertaining whether the phase of the 18 
output signals appears in a fixed pattern or 
not when the phase of the 8-input parametron 
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signal is driven according to the predeter- 
mined code table. The stability of the ap- 
pearance was also tested. 

The kinds and rating of the T.B.M.’s and 
parametrons adopted here are the same as 
the ones described in section 6. In this cir- 
cuit branch connection of the T.B.M. outputs 
is not used, while number of series connections 
in each input circuit can be more than five. 
In order to obtain the optimum condition, 
the tuning capacitance of each T.B.M. is ad- 
justed. 

Phase control of the input signal is done 
with an 8 phase converter (CV), and obser- 
vation of output phase was carried out with 
18 2-bit discharge tubes. 

Observation was taken several times for 
all the 256 patterns, but no mispattern was 
found. The stability of the pattern depends 
chiefly on the stability of the parametron 
system and therefore, there is no problem in 
this respect concerning the T.B.M. on the 
condition that temperature never varies to an 
OxELemeC: 


8.2. Selection Test 


The next test was carried to ascertain 
whether signals are produced at the fixed 
output terminal of the selecting circuit at the 
fixed selection ratio by input parametron 
signals. The test circuit is illustrated in Fig. 
27. The coding circuit is composed only of 
circuits with 4 inputs and 6 outputs for trunk 
switch selection. The selector is a circuit with 
a winding corresponding to 6 inputs at. its 
16 magnetic cores, and produces 16 outputs. 
Full equipment was not utilized in this test. 

Signals with three times as much amplitude 
as those at the nonselected terminal outputs 
appears corresponding of the phase pattern 
of 4 inputs at the fixed output terminal of 
the selector, and therefore selecting action of 
the circuit with the selection ratio of 3:1 
was found to be normal. 


9. Selection of Magnetic Cores 


In order to select the magnetic cores, the 
inductance bridge for parametron magnetic 
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coding circuit 


for Trunk 
Switch 


Fig. 27—Selection testing circuit. 


core selection was employed, and small ampli- 
tude inductance Ly of a 1 turn winding at 
the frequency of 0.95 Mc/s was measured. 
The measuring current was 1 mA, and de- 
magnetization was of course conducted before- 
hand. Room temperature during measuring 
was 22°~27°C. If strict selection is wanted, 
constant temperature is required, because Ly 
varies by about 4% at 20°C+10°C. 


10. T.B.M. Unit 


A diagram of the T.B.M. unit adopted for 
the w-switching system, and its wiring are 
shown in Fig. 28. Each unit has 10 T.B.M.’s, 
and each terminal board has ten terminals 
(G, C and terminals numbered from 1 to 8), 
Terminals 1-2, 3-4, 5-6 are for three inputs, 
and 7-8 are for output. C is so designed as 
to enable measurement of capacitor terminal 
voltage between terminals 8 and C; phase 
can also be observed here. C is also utilized 
in adjusting the capacitance of the capacitor. 
Terminal G is placed outside the circuit, but 
it can be used as an ground terminal as oc- 
casion demands. 

The dimensions of the unit are the same 
as those of the parametron unit; this enables 
one to equip the units side by side. 

The rating of the magnetic core and the 
number of turns are mentioned in Section 6. 
Polyurethane wire of 0.2mm diameter was 
used, and styrol capacitors whose capacitance 
is within +2.5%, was employed. Photographs 
of individual T.B.M. elements and the com- 
pleted unit are shown in Fig. 29. 


Conclusion 


In the application of the T.B.M. composed 
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Fig. 28—Construction of unit and its windings. 


of binocular type ferrite magnetic cores to 
parametron control systems, the problems 
concerning magnetic core, phase shift, input 
ampere turns, output tuning circuit, and ab- 
normal operation due to series connection of 
the input circuit or branch connection of the 
output circuit must be considered. This paper 
has reported the results of the tests conducted 
about these problems which can be summed 
up as follows. 

(1) When binocular type magnetic cores 
used in parametrons at present are 
applied to nonlinear element of the 
T.B.M., the T.B.M. is of good practi- 
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(2) 
(3) 


(4) 


(5) 
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cal use for parametron control systems. 
The value of AL,)/Ly of the magnetic 
cores must be uniform to within +3%. 
Input ampere turns of 50~100 mAT 
are appropriate at one winding of one 
input circuit. 

Stability is improved if the output 
tuning circuit is detuned a little anda 
larger value of capacitance is used. 
When AL,/Ly of the magnetic core is 
within +3%, more than 5 series con- 
nections to the input circuits of other 
T.B.M.’s, or branch connection from 
an output circuit may be made. 


@ _ Fig. 29—T.B.M. Element (upper) and 
: T.B.M. Unit (bottom). 


The author expresses his gratitude to Dr. 
Kiyasu, Vice-Director, and to Dr. Endo, 
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Large-scale plate-type Z crystals were grown to investigate the relationship between humidity and the resistivity 


of A.D.P. 


U-D:C. 621.371): 551.510.52:: 621.391.81 : 538.566 


The Results of Radio Wave Propagation Tests on Over Small Clearance Paths 
Takeo OMORI and Rihachi SATO 


Kenkyt ZituyOka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 1, pp. 1-34, Jan., 1960 


The results of propagation tests conducted on over small clearance paths at frequencies of 6 Gc/s, 11 Gc/s, and, 
24 Gc/s are described in this paper. 


U.DC. 62137281 


Reflections and Mode Conversions at Imperfect Junctions of TEo: Wave Transmission Line 
Ken-ichi NODA 


Kenky6 Zituyé6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 1, pp. 85-94, Jan., 1961 


Imperfect junctions cause attenuation increase and delay distortion TE), wave transmission lines. Reflection at 
slight tilt and offset, and mode coversion at elliptically distorted junctions have been calculated. 


Wee e 621°385.632 12 3621.375.13 


Feedback Type Distributed Amplifier Tube 
Takuya KOJIMA 
Kenkyti Zituydka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 2, pp. 209-226, Feb., 1961 


A positive-feeback type distributed-amplifier tube has been developed. The anode and grid form a double coaxial 
helix. Flat gain from low frequency to 300 Mc was obtained. 


Translations of many of these papers will appear in a future addition of the Review of Electrical Communi- 
cation Laboratory. é 

Please address requests for copies of these papers, which are in Japanese, directly to the authors to whom 
credited at: The Electrical Communication Laboratory, 1551 Kitizyézi, Musasino-si, Tokyo. 
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U.D.C. 621.385.832.032.24.001.2 


New Manufacturing Method of Fine Mesh Electrode for Storage Tube 


Saburo ISIKAWA 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 2, pp. 193-208, Feb., 1961 


New methods of manufacturing fine nickel and copper mesh which are coated on one side with a thin layer of 
calcium fluoride for use as the storage grid of storage tubes are described. 


U.D.C. 621.395.61.001.2 : 534.6) : 621.391.88 


Transmission Performance of the 600 Type Telephone Set 


Zenji YAMAGUCHI | 
Kenky& Zituydka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 1, pp. 95-110, Jan., 1960 


Transmission performance of the 600-type telephone set is discussed with regard to articulation, loudness and 
naturalness. It is found that the telephone set satisfies the design objects. 


UDC. 621-397.12':621.397.331.2 


Electronic Scanning High-Speed Facsimile 
Keijiro KUBOTA, Kazuo KOBAYASHI, Yoshitaro OKAZIMA, and Shogo NANBO 
Kenkyti Zituyo6ka Hékoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 2, pp. 115-153, Feb., 1961 


A vidicon is used at each transmitting terminal and a flying-spot cathode-ray tube is used to write in electro- 
photographic paper at each receiving terminal. This system was tested over a coaxial-cable system with a bandwidth 
of 48 ke. 


WED:C)621-397.232.6 : 621,397.12 


A New Type of Vestigial-Sideband Facsimile System 
Keijiro KUBOTA and Kazuo KOBAYASHI 
Kenkya Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 1, pp. 53-70, Jan., 1961 


This paper presents the principle and describes the experimental results of a simplified synchronous detection 
method for facsimile systems. : 


U.D.C. 661.882.095.048.5 : 539.232 : 667 


Application of Organic Titanium Compounds 
Tunezo NARABA 


Kenkyfi Zituy6ka Hokoku (Electr. Comm. Labor. Techn. Journ.), NTT, 10, 1, pp. 35-51, Jan., 1960 


The application of organic titanium compounds to heat-resisting paints 
films, and thin films of Barium titanate is described. , 

These organic titanium compounds were develo 
applications. 


crosslinkage agents, surface protecting 


ped as basic materials for use in various electrical communications 


eee 


a 


ee ee 


VOLUME 9, NUMBERS 3-4, MARCH-APRIL, 1961 251 


Papers Published in Publicetions of Scientific and Technical Societies 


WED, 541,13 


Regularities in the Activity Coefficients of Strong Electrolytic Solutions 
Zeit. Physik. Chem. Folge 27, pp. 34-41, 1961 


Two regularities were obtained while investigating the concentration dependence of the mean ionic molal activity 
coefficient of many electrolytes. It was calculated that they are attributable to the hydration effect. 


DC: 541.13 


The Semi-empirical Treatment of the Regularies in the Activity Coefficients 
of Strong Electrolytic Solutions 


Makoto MORIYAMA 
Zeit. Physik. Chem. Neue Folge 25, pp. 310-300, 1960 


Two regularities are treated quantitatively using Glueckauf’s equation for the activity coefficient. It has become 
clear that they are closely connected with the interaction between the hydrated atoms. 


DBC. os4AZ11< 534.64 


A New Method of Measurement of Diaphragm Constants 
Mingji SUZUKI and Akira SUZUKI 
Journ. Electr. Comm. Engin. Japan, 44, 3, 442, pp. 55-59 


A new method for the measurement of diaphragm constants is reported. In this method, first the volume dis- 
placement of pressure is calculated using the ratio of pressure to volume displacement. Next the displacement at 
the center of diaphragm is measured, and the effective area of the diaphragm is calculated from the value of dis- 
placement and acoustic stiffness of the diaghragm. This method is convenient for the measurement of large quanti- 
ties diaphragms. Accuracy is about 2-4%. 


U.D.C. 537.311.4 : 621.317.331 


On Equipment for Measuring Contact Resistance 
Takuya TANII and Kozo TOMA 
Journ. Soc. Precision Mechanics of Japan, 27, 3, pp. 12-17, 1960 


The performance and construction of an equipment to study the relation between contact resistance and contact 
load are described. The equipment is designed to work free from sliding motion between contact members and 
with little disturbance from external vibration. Accurate measurements, in which the time variation of the contact 


resistance are shown. 
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